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C H A P T E R I 
GENERAL INTRODUCTION 

GENERAL INTRODUCTION 
Ammonia assimilation 
Nitrogen is a main constituent of all living material. In 
microorganisms, it contributes up to 10-15% of the cellular 
dry mass, and is present in such macromolecules as nucleic 
acids, proteins and peptidoglycaris. The nitrogen in these or-
ganic compounds is biochemically derived from nitrogen sources 
present in the environment. Depending on the properties of the 
organism, the nitrogen source may be an organic nitrogen 
compound, inorganic ammonia, nitrate or nitrite, or molecular 
nitrogen. Most assimilatory pathways start with ammonia, which 
is taken up by the cells or formed by a reductive or degrada-
tive route from another available nitrogen source. Ammonia is 
incorporated into glutamate and glutamine, which are the main 
precursors for the synthesis of other nitrogen-containing com-
pounds. Thus, the formation of glutamate and glutamine from the 
environmental nitrogen source is a key step in the process of 
nitrogen assimilation and microbial growth. 
In Pseudomonas aeruginosa, like in many other gram-nega-
tive bacteria, two pathways lead to the formation of gluta-
mate, as shown in Figure 1 (Brown et al., 1973; Janssen et al., 
1980) . Glutamate may be formed from ammonia and «-ketogluta-
rate, an intermediate of the tricarboxylic acid cycle, by a 
reductive amination catalyzed by NADP-dependent glutamate 
dehydrogenase : 
tt-ketoglutarate + NH4+ + NADPH » glutamate + NADP+ 
As an alternative, glutamate may be synthesized by a transami-
nation reaction catalyzed by glutamate synthetase and with 
glutamine as the donor of the amino group. Glutamine is formed 
in an energy-dependent reaction catalyzed by glutamine synthe-
tase: 
glutamate + NH4+ + ATP » glutamine + ADP + Pj_ 
«-ketoglutarate + glutamine + NADPH » 2 glutamate + NADP+ 
The first route is operational only under conditions of high 
9 
levels of ammonia, and is referred to as the "high-ammonia 
pathway". NADP-dependent glutamate dehydrogenase has a low 
affinity for ammonia and is not effective in the incorporation 
of ammonia when the latter is present in growth-limiting con­
centrations. Under these conditions, ammonia assimilation pro­
ceeds by the "low-ammonia pathway", in which glutamine syn­
thetase, having a high affinity for ammonia, is functioning. 
The presence of these two routes has been demonstrated in 
"high Ammonia pathway" 
GOGAT У N^ 
9 l u
 Ibiosynthesis I NADP I 1 
" l o w ammonia p a t h w a y " 
GDH - g l u t a m a t e d e h y d r o g e n a s e 
GS ш glutamine synthetase 
GOGAT - glutamate synthase 
FIG. 1. The two main routes for glutamate synthesis in bacteria 
e n t e r i c b a c t e r i a (Meers e t a l . , 1970; T y l e r , 1978), n i t r o g e n -
f i x i n g b a c t e r i a (Nagatani e t a l . , 1971; Ludwig, 1978), p h o t o -
s y n t h e t i c b a c t e r i a (Brown and H e r b e r t , 1977a,b; Johansson and 
Gest , 1976), Thiobacillus (Beudeker e t a l . , 1982) and in P. 
aeruginosa (Brown e t a l . , 1973; J a n s s e n e t a l . , 1980). In t h e 
gram-pos i t i ve flaciJIus s p e c i e s , ammonia a s s i m i l a t i o n p r e d o ­
minant ly proceeds by t h e g lutamine s y n t h e t a s e / g l u t a m a t e syn­
t h a s e pathway (Meers e t a l . , 1970; Eimerich, 1972), a l though 
g lutamate dehydrogenase may be involved in some s t r a i n s of 
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Bacillus megaterium (Hemmilä and Mäntsälä, 1978; White, 1979). 
Regulation of enzyme synthesis 
The question arises how the assimilation of ammonia 
through the alternative pathways is regulated, and how the 
regulatory mechanisms that govern the adaptation of the cells 
to different nitrogen supplies in the environment, are func-
tioning. The synthesis of the enzymes that play a role in 
nitrogen assimilation is controlled at the level of gene 
expression by induction, catabolite repression and nitrogen 
control. In P. aeruginosa, a number of enzymes involved in 
the catabolism of organic nitrogen compounds are known to be 
inducible, e.g. amidase (Brammar and Clarke, 1964), histidase 
(Lessie and Neidhardt, 1976) and the enzymes of the utiliza-
tion of arginine (Rahman et al., 1980; Mercenier et al., 
1980), allantoin (Rijnierse et al., 1977) and lysine (Fother-
gill and Guest, 1977). Urease synthesis does not require in-
duction (Janssen et al., 1980). Catabolite repression of such 
enzymes is observed when besides the inducing compound a 
preferable carbon source, such as succinate or citrate is 
available (Brammar and Clarke, 1964; Lessie and Neidhardt, 
1967; Mercenier et al., 1980). As in enteric bacteria (Privai 
and Magasanik, 1971), catabolite repression can be partly 
overcome in P. aeruginosa under nitrogen-limiting conditions, 
enabling the utilization of nitrogen-containing organic com-
pounds as a carbon source in the presence of a preferable 
carbon source (Potts and Clarke, 1976). This phenomenon, the 
nitrogen control of enzyme synthesis, i.e. regulation by the 
availability of nitrogen, extends to glutamine synthetase and 
NADP-dependent glutamate dehydrogenase synthesis. Under ni-
trogen-limiting conditions, glutamine synthetase becomes 
elevated and NADP-dependent glutamate dehydrogenase is re-
pressed, as compared to conditions of ammonia excess, which 
is in agreement with their roles in ammonia assimilation 
(Brown et al., 1973; Janssen et al., 1980). Catabolic en-
zymes subject to nitrogen control are histidase (Lessie and 
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Neidhardt, 1976; Potts and Clarke, 1976) and urease (Kalt-
wasser et al., 1972; Janssen et al., 1980). Also the assimi-
latory nitrate reductase, which is different from the dis-
similatory enzyme (Sias et al., 1980), is regulated by ammo-
nia (Sias and Ingraham, 1978). Finally, in this thesis evi-
dence is presented for nitrogen control of the synthesis of 
amidase (Janssen et al., 1982) and the allantoin-degrading 
enzymes (Chapter VII). 
In enteric bacteria, a great variety of enzymes and trans-
port proteins involved in ammonia assimilation is known to be 
regulated by nitrogen (Tyler, 1978; Kahane et al., 1978; 
Kustu et al., 1979b). Also the synthesis of nitrogenase by 
nitrogen-fixing bacteria is regulated by the availability 
of ammonia, similar to other enzymes such as glutamine syn-
thetase (Leonardo and Goldberg, 1980; Ludwig, 1978). 
Nitrogen control 
The coordinated expression of a variety of genes 
encoding ammonia assimilation enzymes in response to nitro-
gen limitation, suggests the involvement of a common 
regulatory mechanism. When this investigation was started, 
it was generally believed that in enteric bacteria gluta-
mine synthetase had a dual role and was also the main regu-
latory protein that controlled the expression of numerous 
other genes (Magasanik et al., 1974; Tyler et al., 1974; 
Tyler, 1978). However, the identification of other regulatory 
genes, two of which located close to the structural gene for 
glutamine synthetase, made it clear that this hypothesis was 
incorrect (Kustu et al., 1979a). Pahel and Tyler, 1979; McFar-
land et al., 1981). Although a number of mutations that cause 
a defect in nitrogen control in enteric bacteria have been 
isolated and characterized, a complete model for its mechanism 
could not yet be given (McFarland et al., 1981; Pahel et al., 
1982). Also the synthesis of nitrogenase in Klebsiella pneu-
moniae is regulated by genes located close to the structural 
gene for glutamine synthetase, and there are similarities 
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b e t w e e n t h e n i t r o g e n c o n t r o l of n i t r o g e n a s e s y n t h e s i s and t h e 
f o r m a t i o n of c a t a b o l i c enzymes i n e n t e r i c b a c t e r i a ( E s p i n e t 
a l . , 1 9 8 1 ; de B r u i j n and A u s u b e l , 1 9 8 1 ) . 
I n P. aeruginosa, no m u t a n t s w i t h a l t e r e d n i t r o g e n c o n t r o l 
were known and a l m o s t no i n f o r m a t i o n on t h e o c c u r e n c e of n i t r o ­
gen r e g u l a t i o n and t h e way i n which ammonia a f f e c t s gene 
e x p r e s s i o n was a v a i l a b l e . A b e t t e r u n d e r s t a n d i n g of n i t r o g e n 
a s s i m i l a t i o n and i t s r e g u l a t i o n i n P. a e r u g i n o s a i s of s p e c i a l 
i n t e r e s t , i n v ieuw of t h e m e t a b o l i c v e r s a t i l i t y of t h e o r g a ­
n i s m and i t s p o s s i b l e b i o t e c h n o l o g i c a l a p p l i c a t i o n s i n s y n ­
t h e t i c and d e g r a d a t i v e p r o c e s s e s . 
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The Enzymes of the Ammonia Assimilation 
in Pseudomonas aeruginosa 
Dick В Janssen*, Huub J M op den Camp, Pietcr J M Lecnen, and Chris van der Drift 
Department of Microbiology, Facully of Science University of Nijmegen Toernooiveld 6525 ED Nijmegen The Netherlands 
Abstract. Glutamine synthetase from Pseudomonas 
aeruginosa is regulated by repression/derepression of 
enzyme synthesis and by adcnylylation deadenylyla-
tion control High levels ofdeadenylylated biosyntheti-
cally active glutamine synthetase were observed in 
cultures growing with limiting amounts of nitrogen 
while synthesis of the enzyme was repressed and that 
present was adenylylated in cultures with excess nitro­
gen 
NADP- and NAD-dependcnt glutamate dehydro­
genase could be separated by column chromatography 
and showed molecular weights of 110,000 and 220,000, 
respectively Synthesis of the NADP-dependent gluta­
mate dehydrogenase is repressed under nitrogen limi­
tation and by growth on glutamate In contrast, NAD-
dependent glutamate dehydrogenase is derepressed by 
glutamate Glutamate synthase is repressed by gluta­
mate but not by excess nitrogen 
Key words: Glutamine synthetase — Glutamate syn­
thase — Glutamate dehydrogenase — Ammonia assi­
milation — Pseudomonas aerugmo4a 
In bacteria, two pathways are of major importance for 
the assimilation of ammonia In the presence of high 
amounts of ammonia in the culture medium, its in­
corporation into glutamate is catalyzed by the NADP-
dependent glutamate dehydrogenase (GDH, L-glut-
amate NADP+ oxidoreductase, FC 14 14) ("high 
ammonia pathway") If there is a low availability of 
• To whom olTpnnt requests should be sent 
АЬЬгемаІют OS = glutamine svnthttase GOGAT = glutamate 
synthase GDH = glutamate dehydrogenase СТАВ = cetylln 
methylammomumbromide SVD = snake venom phosphodiester 
asc MM — minimal salts medium 
ammonia, the combined action of glutamine synthetase 
(GS, ι-glutamate ammonia ligase, EC 63 1 12) and 
glutamate synthase (GOGAT, L-glutamine 2-oxoglu-
tarate aminotransferase, ГС 2 6 1 53) is responsible for 
the synthesis of glutamate ("low ammonia pathway") 
These two routes have been demonstrated in enteric 
bacteria (Meers el al , 1970, Brenchley et al , 1975, 
Senior, 1975, Pulman and Johnson, 1978), nitrogen 
fixing bacteria (Nagatant et al , 1971), photosynthetic 
bacteria (Brown and Herbert, 1977a, b) and are also 
operative in Pseudomonas aeruginosa (Brown et al, 
1973) 
Glutamine synthetase catalyzes the ATP-dependent 
incorporation of ammonia in glutamate to form glut­
amine Its cellular activity is finely regulated by 
repression/derepression, by several effectors and by 
adenylylation/deadenylylation control (Stadtman et 
al, 1968) The enzyme plays a key role in nitrogen 
assimilation because it regulates the synthesis of several 
other enzymes involved (Magasamk et al, 1974, Tyler, 
1978) A well documented example is the regulation of 
the synthesis of the hut enzymes in Klebsiella aerogeneί 
GS causes an escape from catabolite repression of 
histidine degrading enzymes under nitrogen limiting 
conditions (Privai et al , 1973) Tyler et al (1974) have 
shown that deadenylylated GS stimulates the in vitro 
transcription of the hut operon The synthesis of a 
number of other enzymes is thought to be regulated in a 
similar way e g the enzymes responsible for the 
utilization of molecular nitrogen (Streicher et al , 1974), 
asparagine (Resnick and Magasamk, 1976) and urea 
(Friedrich and Magasamk, 1978) Repression of en­
zyme synthesis by GS is thought to occur with GDH 
from К aerogenes (Brenchley et al , 1973) 
In Ρ aeruginosa, the ammonia assimilatory en­
zymes are not well studied Some evidence for 
adenylylation/deadenylylation control of GS was pre­
sented (Tronick et al , 1973) but its physiological 
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significance is unclear (Nyberg and Clarke, 1978). 
Nolhing is known about the possible regulatory role of 
GS in enzyme synthesis in this organism. We have been 
studying the metabolism of purines in Ρ aeruginosa 
(Vogels and van der Drift, 1976) and were interested in 
the regulation of ammonia assimilation and a possible 
regulatory role of GS during growth of Я aeruginosa on 
allantoin As a first step we report here data on the 
regulation and properties of ammonia assimilatory 
enzymes m Ρ aeruginosa 
Materials and Methods 
Organism 
Pseudomonas aeruginosa strain V 3001 was used in all expenmcnls 
Grow ih Media 
Minimal salts medium (MM) contained per 1 4 3g N a 2 H P 0 4 
2 H 2 0 . 2 2g K H 2 P 0 4 , 100mg MgS04 7 H 2 0 and Imi of ihc 
chloride and sulfate solutions described before (Rijnierse and \<in der 
Drift, 1974) The medium was supplemented with a carbon and a 
nitrogen source at the concentrations indicated pH after sterilization 
was 7 0 
Batch Cultures 
Media were inoculated from precultures on nutrient broth and the 
cells were grown at 37 С with rotatory shaking (250rev mm) 
Continuous Cultures 
Bacteria were grown under nitrogen or carbon limitation in a 
chemoslal (New Brunswick Scientific Bioflow С 30) and the pH was 
maintained at 7 0 with HCl by a pH control system (Radiometer TTT 
60), equipped with an pH electrode (Ingold) For nitrogen-limited 
growth, MM was supplemented with 10 mM citrate and a nitrogen 
source at 1 mM N Carbon-limited growth was obtained with MM 
supplemented with 2 7 mM citrate and a nitrogen source at 15mMN, 
or with 4mM allantoin as carbon and nitrogen source The growth 
temperature was 37 С and the dilution rate 0 1 or 0 3 h " 1 After 
establishment of the steady state, the cultures were used for enzyme 
determinations 
Preparation of Cell Extracts 
Cultures were harvested by centnfugation (ΙΟ,ΟΟΟχ^ for lOmin at 
4 C) The cells were washed with 40 т М Ы а 2 Н Р 0 4 - К Н з Р 0 4 buffer 
(pH 7 0), rcsuspended in this buffer and disrupted at 4 CwithaMSh 
150-W ultrasonic disintegrator (10 times 10s at maximum output 
with intermittent cooling) After centrifugalion (100,000xg for 
30 mm at 4 C) a crude extract was obtained 
Preparation of Cells for Glutamine S\nthetase (GS) Assa\s 
One mm prior to harvesting ceiyltrimethylammomumbromide 
(СТАВ) was added to the cultures (final concentration 0 1 mg per ml) 
to prevent possible changes in adenylylation stale (Bender et al, 
1977) The cells were collected by centnfugation washed and 
suspended in 1 % KCl GS activities were assayed immediately 
Snake Venom Phosphodiesterase (SVD) Treatment of OS 
Crude extract was prepared as described above but with 150mM 
imidazole HCl, pH 7 0. replacing the phosphate buffer Treatment 
with SVD was performed as described by Tronick et al (1973) 
Détermination of GS 
Biosynthetic activity of GS. ι e the ATP-dependent production of 
glutamme from glutamate and ammonia was measured at 37 С by 
following the release of inorganic phosphate from ATP as described 
by Shapiro and Stadlman (1970) 
In the transferase assay, the formation of y-glulamylhydroxamate 
from gl ut amine and ammonia is measured The assay used was 
adopted from Bender et al (1977) with 5 mM MgCIj included in the 
reaction mixture This stimulated and lowered the activity of 
deadenylylated and adenylylated GS, respectively (see Results) 
Routine assays were performed at pH 7 8, the isoactivity point 
The synthetic reaction is the ATP-dependent formation of */-
glutamylhydroxamale from glutamate and hydroxylammc It was 
measured at pil 8 and 37 С as described by Bender et al (1977) 
In enteric bacteria, only the deadenylylated form of GS shows 
biosynthetic and synthetic activity The transferase assay measures 
total GS since both the adenylylated and deadenylylated forms of GS 
are active, (he former being inhibited and the latter unaffected or 
stimulated by 60 mM Mg1* (Stadtman et al , 1970, Bender et al, 
1977) 
Further Assays 
Glutamate dehydrogenase and glutamate synthase were assayed 
spectrophotomclrically by measuring NAD(P)H oxidation at 340 nm 
as described by Meers el al (1970) Incubation temperature was 
25 С 
Allantoinase (allantoin amidohydrolase, EC 3 5 2 5) was mea­
sured as described before (Rijnierse and van der Drift, 1974) 
Urease (urea amidohydrolase, EC 3 5 15) was measured at 30 С 
in an incubation mixture containing 40цтоІ urea, 48 цтоі phos­
phate, pH 7 0 and up to 0 2 units of enzyme in a final volume of 
1 2 ml Ammonia production was measured by the phenol-hypo-
chlorilc method (Richard. 1965) 
Ammonia levels in the culture medium were measured with an 
ammonium electrode (Orion) 
Protein was determined according to Lowry et al (1951) with 
bovine serum albumin as a standard 
One unit of enzyme is defined as the activity that forms 1 μπιοΙ 
product per mm under the incubation conditions used Specific 
activity is expressed as units per mg dry weight (for whole cell assays) 
or in units per mg protein (for assays of crude extracts or purified 
proteins) 
Ion Exchange Chromatography 
Crude extract (30 mg protein) was applied to a column (35 χ 1 8 cm) 
of DEAE-cellulosc, previously equilibrated with TM buffer (50 mM 
Tris HCl, pH 7 5, containing 1 mM /ï-mercapioethanol) Protein 
was eluled with a 600ml linear gradient of 0 — 0 5 M NaCl in TM 
buffer Five ml fractions were collected and assayed for enzyme 
activity 
Gelfìltration 
DEAfc-cellulosc cluate (5 ml) was applied to a Sephadex G-200 
column (100 χ 2 4cm) and eluted with ГМ buffer Five ml fractions 
were collected For molecular weight determination, the column was 
20 
D В Janssen et al.: Ammoma Assimilation in Pwudomomis aeruginosa 199 
calibrated with jack bean urease (483.000), catalase (240.000), alcohol 
dehydrogenase (148.000), bovine serum albumin (68,000) and cyto­
chrome с (13,500) 
Materials 
The molecular weight calibration proteins were obtained from 
Boehnnger, Mannheim, FRG, except urease that was obtained from 
Sigma Chemical Co , St Louis, MO Amino acids and allantotn were 
from Merck, Darmstadt, FRG 
Results 
AdenylyiationjDeadenylylation Control 
of Glutamine Synthetase 
The effect of an ammonia shock on cells grown under 
nitrogen limiting conditions shows that Pseudomonas 
aeruginosa glutamine synthetase (GS) is subject to 
adenylylation/deadenylylation control. For these ex­
periments, cells were grown in batch culture to the end 
of the exponential growth phase in minimal medium 
(MM) supplemented with 35 mM citrate and 1 mM 
KNOj. Under these conditions high levels of GS were 
formed. Addition of 100 mM ammonia to these derc-
pressed cells caused a rapid change in pH optimum of 
the transferase activity from 8 2 to 7.0 and the enzyme 
was converted from a form with Mg2 +-stimulated 
activity to a Mg 2 +-inhibited form (Fig. 1). The syn­
thetic activity was reduced from 0.15 to 0.046 umts/mg 
dry weight. 
M n 2 +-dependent transferase activity of GS from 
shocked cells was rather low and therefore the trans­
ferase assay was more suitable for the determination of 
total GS in the presence of both M n 2 + and Mg 2 + . With 
0.3 mM M n 2 + and 5mM M g 2 + included in the re­
action mixture, isoactivity of the different forms of GS 
was found at pH 7.8 (Fig. 1). 
AMP residues can be removed from adenylylated 
GS by snake venom phosphodiesterase (SVD) with a 
concomitant change in catalytic properties (Stadtman 
et al., 1970; Tronick et al., 1973). Tablet shows that 
SVD treatment of crude extract obtained from 
ammonia-shocked GS-derepressed cells resulted in a 
change in pH profile of transferase activity, conversion 
of Mg 2 +-inhibited to Mg 2 +-stimulated transferase ac­
tivity (at pH 7.8) and a strong increase in synthetic 
activity. 
From these results it can be concluded that changes 
in adenylylation state regulate the activity of GS in P. 
aeruginosa in a similar way as found in other organisms. 
The effect of an additional 60mM M g 2 + in the reaction 
mixture may be used as a measure of adenylylation 
state; adenylylated GS being inhibited and deadenylyl-
ated GS being stimulated. 
Regulation of the Ammonia Assimilatory Enzymes 
P. aeruginosa is able to incorporate ammonia both by 
the activity of glutamate dehydrogenase (GDH) and 
via the GS/glutamate synthase (GOGAT) pathway 
(Brown et al., 1973). The regulation of the enzymes 
involved, together with adenylylation state of GS were 
studied in chemostat experiments (Table 2) and in batch 
culture experiments (Table 3). 
The obtained data show that in chemostat cultures 
under carbon-limited conditions with ammonia, gluta­
mate or allantoin as nitrogen source, GS was repressed. 
A 3 — 10-fold derepression occurred when the cultures 
were nitrogen-limited with nitrate, ammonia, gluta­
mine or allantoin as nitrogen source. This repres-
sion/derepression of GS was more pronounced at di­
lution rate 0.3 than at 0.1 (Table 2). 
In nitrogen-limited cultures GS was deadenylylated 
as shown by its stimulation by 60mM M g 2 " . Carbon-
limitation resulted in adenylylated GS. This further 
increased the difference in content of biosynthetically 
active GS between nitrogen-limited and carbon-limited 
cultures. 
A strong derepression of GS synthesis was also 
observed in batch cultures supplemented with 1 mM 
KNO3 as nitrogen source. NH4 and, to a lower extent, 
also glutamate repressed the synthesis of GS (Table 3). 
GOGAT activities from nitrogen-limited and 
carbon-limited cultures did not differ substantially, 
except at low dilution rate with ammonia as nitrogen 
source. The enzyme was not repressed under carbon-
limited conditions with allantoin as nitrogen source 
(Table 2). In batch cultures, GOGAT synthesis was 
repressed by glutamate but not by excess ammonia 
(Table 3). 
Ρ aeruginosa contains both NAD- and NADP-
dependent G D H activities. The former is probably 
involved in glutamate breakdown while NADP-GDH 
is biosynthetically active (Brown et al., 1973). In 
chemostat cultures grown with an excess of nitrogen 
source, NADP-GDH was derepressed. The highest 
Table 1. Fffecl of snake venom phosphodiesterase treatment on the 
catalytic properties of glutamine synthetase 
Untreated 
After SVD 
treatment 
Transferase activity (10" 
pH7 0 pH7 8 
STO" ІбО1 240ь 60° 
250" 170е 230ь 300' 
3U/mg)· 
pH 8 1 
60ъ 30е 
230" 330' 
Synthetic 
activity 
(lO-'U/ 
mg)" 
45 
210 
* Activities are expressed in 10" 3 units mg protein 
ь
 Measured in the presence of 5 mM Mg2 + 
c
 Measured in the presence ofóOmM Mg2 + 
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actuity (umts/mg dry »eight) 
0 35 
0 30 
0Z5 
0 20 
015 
010 
005 
000 J I L J _ 
65 70 75 80 85 pH 
enzyme activily |unils/ml)-
85 
01. -
03 
0 2 
01 
- absorbante al 2Θ0 nm 
Na CI concentration ( M ) 
00 
О 20 «I 60 80 100 120 КО 
2 fraction number 
Flg. I. Effectof an ammonia shock on the pH-activity profiles of glutamine synthetase Cells *ere grown to the late exponential phase in MM 
supplemented with 15 mM citrate and I mM KMDj Transferase activity was measured at dilferent pH values with untreated cells (ihwd 
twnhoh) and with cells shocked by the addition of 50mM (NHj | 2 SO t 1 mm prior to harvesting (open nmhoh) The incubation mixtures 
contained no Mg2* Squares). 5mM Mg2* (tinles) or 60mM Mg2* {triangles) 
Flg.2. Separation of NADP-glutamale dehydrogenase (GDH). NAD-GDH and glutamate synthase (GOGAT) by DLAE-ccllulosc 
chromatography Cells were grown on MM supplemented with 35 mM citrate and 75 mM NH4C1 Crude extract was prepared and fractionated 
by DbAE-cellulosc chromatography as described under .Materials anil Methmh" Absorbance at 280nm, · · NADP-GDH 
activity, д A NAD-GDH activity О • GOGAT activity о О NaCI concentration 
Table 2. Ammonia assimilatory enzymes in chemostat cultures of Pseudomonas aeruginosa under different growth conditions 
Growth condit 
I imi­
tation 
N 
N 
N 
N 
N 
N 
N 
С 
С 
С 
с 
с 
ons 
Nitrogen 
source 
N O , 
NO", 
N H ; 
N H ; 
glutamine 
allantoin 
allantoin 
NH*4 
N H ; 
glutamate 
allantoin 
allantoin 
Dilution 
rale 
0 1 
0 3 
0 1 
0 3 
0 1 
0 1 
0 3 
0 1 
0 3 
0 1 
0 1 
0 3 
( h " 1 ) 
Enzyme 
GS" 
140 
160 
no 
130 
230 
160 
180 
42 
14 
12 
31 
34 
levels (IO­
C S ' 
240 
280 
200 
240 
340 
300 
-
26 
4 
8 
18 
19 
1
 U mg)' 
G O G A T 
20 
67 
86 
66 
55 
66 
103 
22 
47 
37 
63 
98 
N A D P 
G D H 
10 
8 
10 
6 
5 
4 
4 
61 
71 
75 
240 
365 
N A D -
G D H 
20 
23 
23 
9 
23 
11 
25 
26 
15 
43 
20 
30 
Allan-
tomase 
__d 
-
-
-
-
220 
450 
_ 
_ 
_ 
2.100 
3,100 
Urease 
490 
1.300 
380 
1.200 
790 
1.200 
2,100 
26 
4 
14 
23 
24 
Supernatant 
0 1 
0 1 
0 06 
0 17 
0 024 
-
0 026 
37 
0 78 
-
12 
2 2 
GS = glutamine s>ntheta&e. GOGAT = glutamate iynthase, NADP-GDH 
glutamate dehydrogenase 
NADP-glutamale dehydrogenase, NAD-GDH = NAD-
Glulaminc synthela&e (GS) activities are expressed in 10 3 units mg dry weight, the other enzyme activities in 10 3 units/mg protein 
GS transferase activity measured in the presence of 5 mM Mg 2 4 
GS transferase activity measured in the presence of 60mM Mg2* 
— . not determined 
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Table3. Ammonia assimilator\ enzyme;, in batch cultures of 
Pseudomonas aeruginosa with different growth media 
Table4. Parameters from ammonia assimilatory enzymes in 
Pseudomonas aeruginosa 
Growth medium 
35 mM citrate + 
75 mM KH4CI 
35 mM curate + 
75mMNH 4CI + 
40 mM glutamate 
35 mM citrate + 
40 mM glutamate 
40 mM glutamate 
35 mM citrate -1-
1 mM KNO, 
Fnzyme 
GS b 
32 
43 
100 
115 
343 
levels 
GS' 
-
33 
46 
99 
110 
543 
(10 J U mg) 
GOGAT 
73 
33 
26 
27 
79 
• 
NADP-
GDH 
115 
44 
15 
38 
7 
NAD-
GDH 
20 
47 
40 
54 
16 
GS — glulaminc synthetase, GOGAT = glutamate synthase, 
NADP-GDH = NADP-glutamalc dehydrogenase, NAD-GDH = 
NAD-glutamate dehydrogenase 
" GS activities are expressed in 10 "3 units mg dry weight, the other 
enzyme activities in 10 ^ units mg protein 
b
 GS transferase activity measured in the presence of 5 mM Mg2 + 
c
 GS transferase activity measured in the presence of 60 mM Mg2 + 
specific activities were obtained with allantoin as 
carbon and nitrogen source Under these circumstances 
high amounts of ammonia are produced by the cells. 
N A D P - G D H was 10-60-fold lower in nitrogen-
limited cultures (Table 2). Batch culture experiments 
revealed that the enzyme was repressed by glutamate 
(Table 3). 
NAD-GDH content was about equal under 
nitrogen-limited and carbon-limited conditions but the 
enzyme level was elevated in cultures with glutamate as 
nitrogen source (Table 2). Also in batch cultures gluta­
mate dercpressed NAD-GDH (Table 3) The enzyme 
seems to be induced by its substrate Ammonia or 
citrate did not severely repress NAD-GDH. 
The inducible enzyme allantoinase was high in cells 
grown under carbon limitation with allantoin as car­
bon, nitrogen and energy source. A 10-fold lower 
activity was observed in allantoin-nitrogen limited 
chemostat cultures (Table 2). 
Urease levels paralleled GS content of cells. 
Nitrogen limitation resulted in a strong derepression, 
especially at high dilution rates. In the presence of 
excess ammonia- or allantoin-nitrogen, urease became 
repressed (Table 3). 
Biochemical Parameters of Ammonia Assimilation 
Enzymes 
NAD-GDH and NADP-GDH could be separated by 
DEAE-cellulose chromatography. The elution profile 
(Fig 2) shows that NADP-GDH was only active with 
Fnzymcs 
NADP- NAD- GOGAT GS 
CDU GDH 
pH optimum biosynlhctic 
reaction 
pH optimum catabolic 
reaction 
K
m
 for ammonia (mM) 
K„ for 2-oxoglutarate (mM) 
K
m
 for glutamate (mM) 
K
m
 for glulaminc (mM) 
77 75 
85 82 
15 
16 20 
1 7 
75 
02 
1 6 
GS - glulamine synthetase, GOGAT = glutamate bynthase, 
NADP-GDH = NADP-glutamate dehydrogenase, NAD-GDH = 
NAD-glutamalc dehydrogenase 
NADPH and that NAD-GDH exclusively could use 
NADH as coenzyme, although a small peak of NADP-
activity elutcd together with NAD-GDH. However, 
after further purification by Sephadex G-200 gelfil-
tration a preparation of NAD-GDH containing no 
NADP-dependent activity was obtained. 
This two-step purification procedure resulted in a 
60-fold enhancement in specific activity of NADP-
G D H and the resulting material was used for the 
determination of the kinetic parameters shown in 
Table 4. Calibration of the Sephadex G-200 column 
revealed a molecular weight between 100,000 and 
120,000 for NADP-GDH 
NAD-GDH was purified óO-fold and had a 
molecular weight between 200,000 and 250,000. The Km 
values of NAD-GDH for its substrates are con-
siderably higher than the corresponding values of 
NADP-GDH. This implies that NAD-GDH is only 
active at higher substrate concentrations, reflecting the 
catabolic function of this enzyme. 
For partial purification of GOGAT, crude extract 
from cells grown on 35 mM citrate and 75 mM NH4C1 
was fractionated on a DEAE-cellulose column. 
GOGAT eluted between NAD- and NADP-GDH 
from the column and the purified preparation was used 
for the determination of the kinetic data (Table 4). 
GOGAT was only active with NADPH as coenzyme 
and glutamine could not be replaced by ammonia as 
ammo donor. 
Kinetic parameters for glutamine synthetase were 
determined with crude extract obtained from cells 
grown in 35 mM citrate and 1 mM K N 0 3 . In the 
biosynthetic assay, the observed K„ value for ammonia 
was about 10-fold lower than the Kn of NADP-GDH 
for ammonia and therefore, GS must be more efficient 
in ammonia incorporation at lower substrate levels. 
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Discussion 
In this paper we describe the regulation and properties 
of ammonia assimilatory enzymes in Pseudomonas 
aeruginosa. Glutamine synthetase (GS), one of the 
key enzymes in this process, is regulated by 
repression/derepression of enzyme synthesis and by 
adenylylation/dcadcnylylation control. High levels of 
deadenylylated, biosynthetically active GS were ob­
served in nitrogen-limited chemostat cultures and in 
batch cultures containing a low amount of nitrate as 
nitrogen source GS was repressed and adenylylated in 
chemostat cultures growing with an excess of ammonia, 
glutamate or allantom nitrogen. 
Although Tronick et a! (1973) provided evidence 
for adenylylation/deadenylylation control of Ρ aerugi­
nosa GS, its physiological significance remained un­
clear. Nybcrg and Clarke (1978) did not observe a 
strong elevation of GS in nitrogen-limited chemostat 
cultures and could not conclude about the adenylyl-
ation slate of the enzyme. We treated cells with 
cetyltrimethylammoniumbromide (СТАВ) before har­
vesting to fix the adenylylation state of GS (Bender et 
al., 1977) and included M g 2 + in the transferase assay 
mixture to stimulate the activity of deadenylylated GS 
and to allow a determination of the isoactivity point to 
be made. A strong Mg 2 + -dependence of the transferase 
activity of deadenylylated GS was recently also de­
scribed by Siedel and Shclton (1979) for Azotobacter 
vmelandii. 
After establishment of the appropriate assay con­
ditions, it appeared that the regulation of the synthesis 
and inactivation of GS in P. aeruginosa is very similar 
to Us control in enteric bacteria (Stadtman et al . 1970; 
Bender et al., 1977; Brenchley et al., 1975) and other 
gram-negatives (Tronick et al., 1973 ; Kleinschmidt and 
Kleiner, 1978). As already stated by Tronick et al. 
(1973) adenylylation/deadenylylation control of GS 
seems to be a general phenomenon in gram-negative 
bacteria 
Although in chemostat cultures at low dilution rate 
and in the presence of excess ammonia some repression 
of glutamate synthase (GOGAT) synthesis was ob­
served, GOGAT levels were found not to be directly 
correlated to the limitation applied. However, GOGAT 
formation is controlled as shown by its repression by 
glutamate. So the enzyme is regulated similar to 
GOGAT from enteric bacteria (Miller and Stadtman, 
1972; Senior, 1975; Brenchley et al., 1973, 1975). 
P. aeruginosa contains two GDH's (Brown et al., 
1973) that could be separated by DEAE-cellulose 
chromatography and gelfiltration. NADP-GDH and 
NAD-GDH showed molecular weights of about 
110,000 and 220,000, respectively. NADP-GDH was 
repressed under nitrogen-limited conditions and by 
Arch Microbiol . Vol 124(1980) 
glutamate while NAD-GDH was induced by gluta­
mate This, together with the observed kinetic param­
eters, is in good agreement with the proposed cata-
bolic and biosynthetic function for NAD-GDH and 
NADP-GDH, respectively. The presence of two func­
tionally and structurally different GDH's has also 
been demonstrated in Thiobacillus novellus (LéJohn 
and McCrea, 1968) and Hydrogenomonas H 16 
(Kramer, 1970). 
In Klebsiella aerogenes, biosynthetic GDH is reg-
ulated by GS (Brenchley el al., 1973). Although 
NADP-GDH activities were inversely correlated with 
GS levels, it is not yet possible to draw conclusions 
regarding the involvement of GS in the repression of 
NADP-GDH in P. aeruginosa. The same holds true for 
the regulation of urease synthesis, which was highest 
under nitrogen-limited conditions, as in K. aerogenes 
(Friedrich and Magasanik, 1977). Some indication for 
the involvement of GS in the regulation of the hut genes 
of P. aeruginosa came from the observed escape from 
cataboulé repression of hislidase under nitrogen-
limited conditions (Potts and Clarke, 1976). Further 
conclusions about the regulation of histidase, NADP-
GDH, urease and possibly also enzymes of the allan-
toin metabolism by GS can only be drawn after studies 
with mutants that contain no or an altered GS In 
preliminary experiments, however, glutamine auxo-
trophs of our strain invariably showed high reversion 
rates and the same was found with P. aeruginosa strain 
PAO. The development of mutagenesis and enrichment 
procedures suitable for the isolation of GS-mutants is 
under study now. 
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Nitrogen Control in Pseudomonas aeruginosa: 
A Role for Glutamine in the Regulation of the Synthesis 
of NADP-Dependent Glutamate Dehydrogenase, Urease and Histidase 
Dick В Janssen, Patricia M Herst, Han M L J Joosten, and Chris van der Drift 
Departmenl of Microbiology, I acuity of Science Uni\ersity of Nijmegen Toernooiveld 6525 ED Nijmegen The Netherlands 
Abstract. In Pseudomonas aeruginosa the formation of urease, 
histidase and some other enzymes involved in nitrogen assimi­
lation is repressed by ammonia in the growth medium The key 
metabolite in this process appears to be glutamine or a product 
derived from it, since ammonia and glutamate did not repress 
urease and histidase synthesis in a mutant lacking glutamine 
synthetase activity when growth was limited for glutamine The 
synthesis of these enzymes was repressed in cells growing in the 
presence of excess glutamine High levels of glutamine were 
also required for the derepression of NADP-dependent gluta­
mate dehydrogenase tormation in the glutamine synthetase-
negative mutant 
Key words: Nitrogen control — Glutamate dehydrogenase — 
Urease — Histidase — Glutamine auxotrophs — Glutamine 
synthetase — Pseudomonas aeruginosa 
The presence of another gene involved in the mechanism of 
nitrogen control was recently demonstrated in Salmonella 
typhimunum (Kustu et al 1979) and Escherichia coli (Pahel and 
Tyler 1979) The regulatory gene was found to be closely linked 
to, but different from the structural gene for glutamine 
synthetase, and probably encodes a regulator protein that 
controls the transcription of genes for proteins subject to 
nitrogen control 
In this paper we describe the regulation of the synthesis of 
assimilatory NADP-dependent glutamate dehydrogenase, 
urease and histidase in mutants from Ρ aeruginosa lacking 
glutamine synthetase activity It appears that, in contrast to the 
wild type strain, ammonia and glutamate no longer affect the 
formation of these enzymes in the glutamine synthetase-
negative mutants The results suggest a key role for glutamine 
or a metabolic product derived from it in the nitrogen control of 
this organism 
In Pseudomonas aeruginosa several enzymes involved in the 
catabohsm of organic nitrogen compounds are subject to 
catabolite repression by tricarboxylic acid cycle intermediates 
such as succinate or citrate Under conditions of nitrogen 
limitation, however, the synthesis of some of these en/ymes is 
derepressed, thus allowing the utilization of their substrates as 
nitrogen source Histidase, urocanase (Potts and Clarke 1976) 
and agmatine hydrolase (Mercemer et al 1980) are regulated in 
this way Nitrogen limitation results also in derepression of 
glutamine synthetase (Janssen et al 1980) and urease 
(Kaltwasser et al 1972, Janssen et al 1980), repression of 
NADP-dependent glutamate dehydrogenase (Brown et al 
1973 Janssen et al 1980) and, m the presence of nitrate, in 
derepression of assimilatory nitrate reductase (Sias and 
Ingraham 1979) 
The mechanism of this nitrogen control in Ρ aeruginosa is 
not known In enteric bacteria a role for glutamine synthetase 
in nitrogen regulation was proposed by Magasanik and 
coworkers (Magasanik et al 1974) In this model glutamine 
synthetase controls the synthesis of a number of enzymes 
involved in nitrogen assimilation e g histidase, proline oxidase, 
glutamate dehydrogenase, urease and glutamine synthetase 
itself Glutamine and a-ketoglutarate were suggested to be key 
metabolites in this process by affecting the adcnylylation state 
ol glutamine synthetase and thereby its regulatory properties 
Offprint requests to D В Janssen 
Materials and Methods 
Bacterial Strains 
Pseudomonas aeruginosa strain PA02175 was kindly supplied by Dr H 
Mdtsumoto and was used as the wild type strain (Matsumoto el al 1978) 
It is a methionine auxotrophic catechol 1 2 oxygenase negative demame 
of strain P\0 ot Dr В Hollowav Strains РАО 4001 and РАО 4006 arc 
glutamine requiring derivatives of strain РАО 2175 and were obtained as 
described below 
Growth Media 
Minimal salts medium was medium Ρ as described by Leismger et al (1972) 
to which methionine was added at 15 mg I A carbon and a nitrogen source 
were added as indicated pH alter sterilization was 7 2 Glutamine solutions 
were prepared freshly and sterilized by liltration 
Isolation of Glutamine Requiring Mutants 
A nutrient broth culture was mutagenized by incubation with ethylmeth-
anesulfomc acid (ΙΟμΙ/ml) for 1 h at 17 С without shaking 1 ml ol the 
mutagenized culture was added to 30 ml nutnenl broth supplemented with 
glutamine and grown overnight at 37 С The cells were harvested washed 
and starved for nitrogen for 3 h at 37 С in a medium containing curate 
Then (NHA)2S04 glutamate and carbcnicillin (2 mg ml) were added and 
mutants were counterselected during 16 h at З"1 С The cells were washed 
and grown in a medium containing citrate ammonia glutamate and 
glutamine After repeating the enrichment cycle appropriate dilutions were 
spread on agar plates and mutants were identified by replica plating 
Glutamine requiring strains were purified and maintained on nutrient agar 
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supplemenled with glulamme Su independent gluumine .luxolrophs were 
obtained 
Grawlh COIUIIIUIIIS 
For experiments m which en/ymc levels were detcrminc<l growth media 
were inoculated with ippropruttely diluted prctullures on nutrient broth 
containing glutamme ( ells were grow η overnight at 17 С and harvested in 
the exponential ph ise ol growth (optical density at MMInm (I 1-0 5) 
In some experiments cells were grown under glut iminc limitation as 
described by Privai et al (1971) Batch cultures ol 4Ш) nil wert inoculated to 
an optical density at 600nm ol 0 01 wnh a washed suspension ol cells 
pregrown on nutrient broth plus glutamme l-rom a sterile stock solution 
glulaminc was added with ι peristaltic pump al a constant rale ol 2 ml h 
and the cells were grown at 17 ς and harvested after 15 h The glutamme 
concentration in the stock solution was adjusted toa ν due that gave limited 
growth to a Im il optic il density at 6<)I)nmofO 1-0 Salter IS h Therclore 
the stock solution contained 1 mg ml glut imine when strain ΡΛ0 2175 was 
cultured and the medium cont lined no other nitrogen source In expen 
ments with strain PAO 4001 soli tions of 1 mg ml and 1 mg ml were used 
for growth in media in the presence and absence ol glut im lie or casamino 
acids respectively Glutamme was added at a growth hmitinn rate to 
cultures of strain PAO 4006 when the stock solution com lined 15 mg ml 
glutamme 
Methionine limitation was achieved m a similar way by employing a 
medium Irom which methionine w is omitted 
Prtparattnft at Cell F\trmtî 
Cells were harvested bv cenlnfugalion washed with 40mM Na>MP04 -
КІІ1ІЮ4 buller (pll"O) resuspended in this ЬиПсг and disrupted by 
ultrasonic trcatmcnl Alter ccnlnlugalion (45 000 χ tr lor 10 mm) a crude 
extract was obi lined When histidasc levels were issayed the phosphate 
buller was replaced by 5(1 mM Tris HCl butler (pi I 7 4) containing 100 mM 
КС 1 (Lcssic and Neidhardl 1967) lemperalure w is m uiuamed at 0 4 С 
during all steps 
bn-\me Assais 
Glutamyllranslerase activity ol elutatninc synthétise was me isurcd at 
pH 7 9(theisoaclivitypoint of glut immcsymhelase from strain PAO 2P5) 
in cciyllnmcthylammoniumbromide-trculcd cells is described before 
(Janssen et al 1980) N A DP dependent glutamtlc dehydrogenase was 
measured by following the oxidalion ol NADI'H spectrophotomctrie illy 
(Meers et al 1970) uu! urease by mcisurmg ammonia production from 
urea I he incubation conditions have been described earlier (Janssen et al 
1980) Uislidase wis measured at 25 С by tollowmg the production of 
urocamc acid from histidinc as described by Lcssie ami Neidhardl (196"') 
Protein was measured iccording to Lowry el al ( 1951 ) with bovine scrum 
albumin as the standard One unit ol en/yme is defined is the activity that 
lorms Ι μπιοί ol product per mm under the incubation conditions used 
Udiennls 
Ammo acids were obtained from Merck Darmstadt I RG Only ι amino 
acids were used V itamin free casamino acids (acid hvdrolysale) were Irom 
Dilco 1 abor Hones Detroit Mich All other chemicals were of reagent or 
analytical grade 
Results 
holanon anti Charm tei nation 
of Glutamme-Requiring Mutants 
Muljnlsfrom Pseuilonumasaeruginosa РАО 2175 that require 
glutamme for growth were isolated as described under 
Materials and Methods Two carbemullin counter-selection 
cycles of 16 h were used to eliminate prototrophs and mutants 
with high reversion rales Six independent glutamme auno-
trophs were obtained (Gin phenotype) Growth of five of 
these mutants was found to be strictly dependent on the 
presence of glutamme and no growth was observed on auto-
claved nutrient broth unless glutamme was added One strain 
showed leaky growth on media not containing glutamme and 
was not studied further The five strict glutamme auxolrophs 
were found to lack glutamme synthetase activity, as measured 
by Ihe transferase assay when grown on a medium containing 
curate and glutamme (see also Table 2) Two strams, de­
signated РЛО4001 and PAO 4006 were chosen for further 
study 
Nitrogen Regulation m Ρ aeruginosa PAO 2175 
The regulation of the synthesis of glutamme synthetase, 
NADP-dependent glutamate dehydrogenase and urease in Ρ 
аегицтоіа was described before (Brown et al 1973 Janssen et 
al 1980) The data presented m Table 1 show that also in Ρ 
aeruginosa strain PAO 2175 glutamme synthetase and urease 
are repressed when the cells are grown on excess ammonia as 
compared with growth on a limiting nitrogen source such as a 
low concentration of nitrate NADP-dependent glutamate 
dehydrogenase levels are elevated in the presence of ammonia 
and the cn/yme is repressed when glutamate or glutamme are 
present in the growth medium The data also show that 
glutamate and casamino acids are good nitrogen sources for Ρ 
aeniçinosa and repress the lormatton of glutamme synthetase 
and urease 
In order to establish a possible relationship between 
glutamme synthetase activity and the regulation ol glutamate 
dehydrogenase and urease, the synthesis of these enzymes has 
to be compared between the wild type strain and glutamme 
synlhctase-ncgative mutants during growth under mtrogen-
limited conditions Ι π Klebsiella aerogenes and Esi hern lúa Í oli, 
nitrogen-limned growth could be obtained in batch cultures 
wtthO 2 "„glutamme as sole nitrogen source (Privai et al 1973. 
Pahel et al 1978) however by use of this concentration, or 
even a tcnlold lower one, no derepression of glutamme 
s\nthelasc was obtained in Ρ aeruginosa (Table I) Also when 
the growth temperature was lowered to 30 С and the in­
cubation time reduced to 8h, no nitrogen limitation was 
observed with glutamme as sole nitrogen source Apparently 
glutamme is a good nitrogen source and is assimilated much 
faster in Ρ aeruginosa than in enteric bacteria Nitrogen 
limitation in the presence of glutamme could be achieved by 
slowly adding glutamme to batch cultures not containing other 
nitrogen sources and an excess of citrate as carbon source In 
these cultures glutamme synthetase and urease became derc-
pressed, while NADP-dependent glutamate dehydrogenase 
levels were low (Table 1) 
Rigulation of VA DP- Dependent Glutamate Delnilrogenase 
and Lrease in Glutamine S)niheime-legame Mutanti, 
When the Gin mutant PAO 4001 was grown under glutamine-
limilcd conditions urease was derepressed and NADP-
dependent glutamate dehydrogenase repressed, just as ob­
served for the wild type strain (Table 2) The addition of 
ammonia to the growth medium, which resulted m strong 
repression of urease in the wild type strain, did not cause 
repression of urease formation in mutant strain PAO 4001 
Also Ihe further addition of glutamate or casamino acids 
resulted neither in lowered urease levels nor in derepression of 
NADP-dependent glutamate dehydrogenase The formation of 
urease was repressed by the addition ol excess glutamme to the 
growth medium, which further caused an increase of the 
N A D P dependent glutamate dehydrogenase level The obser-
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Tabic I Rcgulition ol iilutaminesynthcuisc NADI* dcpendenl glut im.itc 
dchvdrotzen іьс md urc іьс in Рчшіопитач аегицшоча PAO2175 wilh 
dillercnt niirogcn sources 
Cjrowih mediuina Еплте iLli\itiesb 
mi 
amm 
ulu 
cas 
amm —glu 
amm + ціп 
gin, 
(ДІгъ 
gin, 
gin, 
OS 
"(1 
16 
22 
18 
2J 
21 
'1 
i l 
If, 
120 
C D U 
I I 
174 
18 
8 
18 
40 
16 
19 
50 
0 
urease 
1 890 
107 
60 
10 
21 
80 
101 
161 
15 
2 100 
J
 The growth medium tonuuned I , Insodiumcitratc 2 Η,Ο as carbon 
bouree ind a mtroçcn source is indicated nit 0 02 KNO, amm 
= 02 (NM4)iS04 glu = 0 2 ціиіатіс acid cas-OS' cisammo 
icids gin, = 0 2 , glutiimine gin, —0 02 , ülutamine gin,-glu 
tamme added at a gro\Mh limiting rate 
* GSUlutamincsynlhcl ise) activities arc expressed m ml mg dry weight 
ODH (NADP dependent glulamatc dch>drogcnase) and urease aclis 
•lies arc gisen in ml mg protein 
c
 In this experiment the growth temperature was reduced to 10 Candthc 
cells were harvested alter 8 h of crowth 
vation ΐΚ,ιΐ glutamme bul nol ammonia, glutamate or ca-
samino duds, repress the synthesis of urease and derepress 
N A D P dependent glutamate dehydrogenase formation in a 
Gin mutant suggests (hat readily available nitrogen sources 
ha\e to be converted to glutamme or some metabolic product 
derived from it in order to affect the synthesis of enzymes 
subject to nitrogen control The high level of urease and the low 
level of NADP-dependenl glutamate dehydrogenase are not 
the result of amino acid hmiialion in general, since methionine 
limitation of strain PAO 4001 in the presence of glutamme did 
not result m high urease levels or strong repression of NADP-
dependent glutamate dehydrogenase (fable2) 
The regulation of urease and NADP-dependent glutamate 
dehydrogenase in the glutamme synthetase negative strain 
PAO 4006 is different from that observed in strain PAO 4001 
( Table 2) Urease levels were high under all growth conditions 
tested even in the presence ol excess glutamme in the medium 
NADP-dependent glutamate dehydrogenase was severely re­
pressed under all conditions 
In preliminary experiments performed with PAO4006, it 
was observed that the glutamme requirement was much higher 
m this strain than m the other Gin mutants When growth was 
measured m batch cultures containing citrate as carbon source 
and glulaminc as sole nitrogen source, the wild type strain 
PAO 2175 needed 0 01 "„ glutamme in the medium in order to 
reach a density of 0 2mg cell dry weight ml, while the G i n " 
mutants PAO 4001 and PAO 4006 required 0 0 3 "
n
 and 0 2 " 0 
glutamme, respectively Similar high levels of glutamme were 
required by strain PAO 4006 when glucose, succinate or 
glutamate replaced citrate as carbon source I his indicates that 
the requirement for high amounts of glutamme is not caused by 
the inability to assimilate citrate, w hich could be due lo a defect 
in the tricarboxylic acid cycle Alter growth of strain PAO 4006 
on citrate medium supplemented with 0 2"„glutamme, 90"„of 
the nitrogen present in glutamme was recovered in the growth 
medium as ammonia which indicates that glutamme is subject 
to rapid breakdown in this strain, due lo a yet unknown defect 
ТаЫс2 Regulation of NADP dcpendenl glulamale dehydrogenase and 
urease in mutants lacking glut iminc synthetase icnvily 
Strain Growth medium' fcn/yme aclivilies11 
PAO 4001 
PAO 4001 
PAO 4001 
PAO 4001 
PAO 4001 
PAO 4001 
PAO 4006 
PAO 4006 
PAO 4006 
PAO 4006 
PAO 4006 
gin, 
amm + gin, 
amm H-glu + gln, 
amm +cas t gin, 
elnç 
gln^ + mei, 
gin, 
amm + gin, 
gin 
amm * glu -, gln l 
amm + cas + gin, 
GS 
0 
0 
0 
0 
0 
- s 
0 
0 
0 
-
-
G DU 
0 
0 
1 
1 
15 
22 
1 
0 
0 
1 
0 
urease 
4 400 
1 140 
4 621) 
1980 
108 
6 
1 100 
4 000 
2 850 
1 100 
1 590 
' I he growth medium contained I trisodiumcitrate 2 11,0 as carbon 
source and a nitrogen source as indie ned amm 02 (NH4),S04 glu 
- 0 2 „ glutamic acid cas = 0 5 cas imino acids gin, glutamme 
added at a erowth limiting rate gin, = glulaminc added in excess (0 2 , 
for strain PAO4001 and I lor strain PAO4006) met, - methionine 
added at a growth limning rale 
ъ
 GS (glutamme symhel iscIactivinesareexpresscdinmU medry weight 
GDH (NADP dependent glulamale dehydrogenase) and urease arc 
given in ml' mg protein 
c
 nol determined 
Regulation of Нічініаче tormution 
Histtdase formation in Ρ aeruçinow is known to be regulated 
by induction calabolne repression and derepression under 
nitrogen limitation (lesste and Neidhardt 1969, Potts and 
Clarke 1976) Ihts regulation pattern was confirmed in strain 
PA02175 (Table 4) The histidase activity was highest in 
cultures with histidme as sole carbon and nitrogen source The 
en/yme was present at a repressed level in extracts from cells 
grown on histidme m the presence of citrate and ammonia The 
repression of histidase was less when ammonia was omitted but 
increased when additional glutamme was included tn the 
growth medium Glutamme synthetase and urease levels were 
highest during growth in citrate plus histidme medium and were 
lowest in cells grown on medium containing citrate ammonium 
and glutamme Thus, under conditions ofcatabolitc repression, 
histidase levels paralleled the glutamme synthetase and urease 
content of the cells This suggests the presence of some common 
regulatory elements in the lormation of these enzymes 
The mutants lacking glutamme synthetase activity showed 
abnormal regulation ol histidase synthesis ( l a b i e l ) Strain 
PAO 4001 formed high levels of histidase and also urease when 
limited for glutamme in the presence of excess histidme In 
contrast to the wild type strain, the addition of citrate and 
ammonia did not result in repression of the enzymes Also 
glutamate and casammo acids could not repress histidase and 
urease Similarly to urease formation, the synthesis of histidase 
was only repressed during growth with glutamme in excess 
Thus it appears that glutamme is also involved in the nitrogen 
control of histidase lormation 
The Gin mutant PAO 4006 formed high histidase levels 
even in the presence of excess glutamme (Table 3) 
Discussion 
The results presented in this paper indicate the presence of a 
common regulatory mechanism in the nitrogen control of the 
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Table3. Regukmon ofhistiddsc in wild l>pe PA0 217S jnd the gluumme 
synlhetdsc-ncgative mutants PAO 4001 and PAO 4006 
Strain Growth medium'' I птуте activ]tiesb 
РЛ02175 
РАО 2175 
РАО 2175 
РАО 2175 
РАО 40« I 
РАО 4001 
РАО 4001 
РАО 4001 
РАО 4006 
Clt 
cit + а т т 
CII + j m m + gln t 
gin, 
cit + amm + gln1 
cii + amm + glu + gln, 
cil + amm + glnc 
eli + amm + gln1 
GS 
6 
17 
12 
10 
0 
0 
-' 
-0 
GDH 
60 
40 
62 
24 
4 
1 
2 
20 
0 
tmtidase 
257 
69 
46 
12 
270 
201 
297 
20 
180 
urease 
126 
227 
141 
61 
12-Ό 
1 920 
1270 
107 
516 
• The growth medium contained 0 2",, histidmc with the additions 
indicated cil = 1 u„ trisodiumulrate 2 H 2 0 amm = 0 2
,1
„ (NH4)iS04 
glu = 0 2 "„ glutamic acid cas =0 5 '„casamino acids gin, = glulamine 
added at a growth-limiting rate gln^  = glutamine added in excess (0 2 " , 
for strams PA02I75 and PAO 4001 and Г „ for strain РЛ04(Ю6) 
ь
 GS (glutamine synthetase) activities are expressed in mL mg dry weight 
GDH (NADP-dependent glutamate dehydrogenase) histldase and 
urease are given in ml «mg protein 
c
 — not determined 
synthesis of NADP-dependenl glutamate dehydrogenase, 
urease and histldase m Pseudomonas аегицтош In the wild 
type strain, the cell contents of glutamine synthetase, urease 
and, under conditions of cataboltte repression, also histldase 
parallel each other, while the level ot NADP-dependent 
glutamate dehydrogenase is negatively correlated with these 
en/ymes as shown before (Janssen el al 1980, Brown et al 
1973, Potts and Clarke 1976) In mutants lacking glutamine 
synthetase acttity, NADP-dcpcndent glutamate dehydro­
genase, histldase and urease were still correlated bul the 
regulation differed from Ihe wild type strain In the Gin" 
mutant PAO 4001 urease and histldase were no longer re­
pressed and NADP-dependent glutamate dehydrogenase was 
not derepressed when cells were grown on excess ammonia, 
glutamate or casamtno acids Only the presence of excess 
glutamine in the medium led to a repression of urease and 
histldase and a derepression of NADP-dependent glutamate 
dehydrogenase This suggests that glutamine plays a key role in 
the nitrogen control in Ρ aeruginosa 
The regulation pattern observed in strain PAO 4006 is 
distinct from that in strain PAO 4001 because the levels of 
urease, histldase and NADP-dependent glutamate dehydro­
genase are not affected by an excess of glutamine A rapid 
turnover of glulamme was observed and strain PAO 4006 
required extraordinary high amounts of glulamme for growth 
This implies that in PAO 4006 high levels of glutamine in the 
growth medium possibly do not correlate with high intra­
cellular glutamine contents which could explain the lack of an 
efTecl of glulamme on the regulation of urease and NADP-
dependent glutamate dehydrogenase The phenotype of strain 
PAO 4001 should be characteristic for mutants in which only 
glutamine synthetase activity is lacking Preliminary experi­
ments with three of the other Gln~ mutants show that their 
properties are very similar to those of strain PAO 4001 (data 
not shown) 
The regulation of NADP-dependent glutamate dehydro­
genase requires some further comment The enzyme is known 
to be formed at high levels in the presence of ammonia and 
repressed under nitrogen-limited conditions (Brown et al 1973, 
Janssen el al 1980) The results presented here indicate that an 
elevated glutamine level, although possibly indirectly, may be 
the signal for the derepression of NADP-dependent glulamate 
dehydrogenase when ammonia is plentiful On the other hand, 
the cnzjme is repressed by glutamate or glutamine in the 
growth medium (Table 1), the latter presumably giving rise to 
an elevation of the intracellular glutamate pool This suggests 
that the balance between the intracellular levels of glutamine 
and glutamate may be an important parameter in the reg­
ulation of NADP-dependent glutamate dehydrogenase The 
repression mechanism affected by glutamate still seems to 
operate m the Gin mutant PAO 4001 since excess glulamme 
did derepress NADP-dependenl glutamate dehydrogenase 
only lo a level lower than that observed in (he wild type sirain 
during growth with excess ammonia as nitrogen source 
Our results do not exclude the possibility that a metabolic 
product derived from glutamine, rather than glulamme itsell, is 
the effector thai controls the formation of en/ymes involved in 
nitrogen assimilation The observation thai casamtno acids do 
not repress urease and histldase during glutamine limitation in 
a G i n " mutant suggests that not one of the common amino 
acids (except glutamine, asparagine and tryptophan) is the 
responsible metabolite It also should be noted thai glutamine 
probably is not the sole effector of nitrogen control The 
involvement of some aspect of carbon metabolism seems likely 
since carbon-limited growth, which presumably also results in 
lowered intracellular glutamine levels docs not promote dere­
pression of urease and glutamine synthetase (Janssen et al 1980) 
A role for glutamine in the regulation of the enzymes 
involved in nitrogen assimilation has been shown for 
ìseurosporu crassa Loss of glulamme synthetase activity 
impairs the repression of nitrate reducíase (Premakumar et al 
1979) and uncase (Wang and Marzluf 1979) by ammonia and 
glutamate but not the repression by glulamme Also in 
Saciharomvies tarlsberçensis, ammonia itself is not the effector 
of nitrogen control (Van de Poll 1973) The presence of a 
positive control gene, ml-2, that regulates the synthesis of 
several en/ymes involved in ammonia assimilation was demon-
strated in Λ crassa (Reinert and Marzluf 1975) but it is not 
known whether glutamine affects (he expression of the ηιι-2 
gene product or has some other effect 
In enteric bacteria, glutamine synthetase was originally 
thought to be the regulator protein (Magasanik et al 1974, 
Pahel et al 1978) but the recent identification of a separate 
gene, closely linked to the structural gene for glutamine 
synthetase and required for the formation of transport proteins 
in Salmonella typlumunum (Kustu et al 1979) and histldase in 
Esiheruhia <oli (Pahel and Tyler 1979) indicates that another 
protein is involved A role for glutamine in enteric bacteria is 
less evident although mutants of Klebsiella aerogenes that lack 
glutamine synthetase activity and constitutively form high 
levels of urease arc known (Bender and Magasanik 1977, 
Friedrich and Magasanik 1977) In one of these mutants 
repression of urease and the inactive glutamine synthetase 
protein could be achieved in media containing glutamine and 
giving very strong nitrogen repression Glutamine was pro­
posed to be involved in signaling nitrogen repression of 
glutamine synthetase (Bender and Magasanik 1977) 
In Rhodopseudomonas capsúlala the loss of glutamine 
synthetase activity resulted in nitrogenase synthesis even in the 
presence of ammonia (Wall and Gest 1979), which indicates 
that also in this organism ammonia itself is not the corepressor 
in nitrogen control 
We suggest that m Ρ aeruginosa glutamine regulates the 
activity or synthesis of a protein that negatively or positively 
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affects t h e f o r m a t i o n o f e n 7 y m e s subject t o n i t r o g e n c o n t r o l 
s u c h a s u r e a s e , h i s t idase , N A D P - d c p e n d e n t g l u t a m a t e dehy­
d r o g e n a s e a n d poss ib ly a l s o g l u t a m i n e s y n t h e t a s e , n i t r a t e 
r e d u c t a s e a n d a l l a n t o i n a s e 
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Mutants were isolated from Pseudomonas aeruginosa that were impaired in the 
utilization of a number of nitrogen sources In contrast to the wild-type strain, 
these mutants appeared to be unable to derepress the formation of glutamme 
synthetase and urease under nitrogen-limited growth conditions, whereas NADP-
dependent glutamate dehydrogenase became derepressed This GlnR" phenotype 
appeared to be caused by a mutation located in the early region of the Ρ 
aeruginosa PAO chromosomal map, close to his¡V59 Partial suppression of the 
GlnR phenotype due to a mutation located close to his¡14 was observed These 
revenants were different from both the wild-type strain and the GlnR mutant 
with respect to the regulation of the synthesis of glutamme synthetase, urease, 
and NADP-dependent glutamate dehydrogenase (GlnRc phenotype) Also the 
regulation of glutamme synthetase activitv by adenylylation/deadenylylation was 
altered in the revertants The results suggest the presence of a regulatory gene that 
plays a role in the regulation of enzyme formation in response to the availability of 
ammonia 
In Pseudomonas aeruginosa the formation of 
a number of enzymes involved in nitrogen as-
similation is regulated by the availability of 
ammonia in the growth medium (2, 12, 23, 26) 
This nitrogen control of enzyme formation is 
believed to prevent the production of unneces-
sary enzyme protein and the uncontrolled break-
down of compounds that could be of value for 
the cell for biosynthetic purposes (26, 31 ) Thus, 
only during nitrogen-limited growth is the syn-
thesis of glutamme synthetase, urease, and histi-
dase derepressed, whereas derepression of 
NADP-dependent glutamate dehydrogenase is 
observed only in cells growing with excess am-
monia (2, 12) 
The mechanism of nitrogen control in Ρ aeru­
ginosa is poorly understood In a mutant lacking 
glutamme synthetase activity (Gln~ phenotype), 
urease and histidase formation were found to be 
no longer repressed by the presence of ammonia 
and glutamate in the growth medium Because 
the formation of these enzymes was still repress-
ible by glutamme, it was concluded that gluta­
mme or some compound derived from it is one 
of the metabolic signals that affect the nitrogen 
control mechanism (13) In a Gin" mutant, ex­
cess glutamme was also found to be required for 
derepression of NADP-dependent glutamate de­
hydrogenase This suggests the presence of a 
common element in the regulation of NADP-
dependent glutamate dehydrogenase, urease, 
and histidase formation (13). 
It is not known what other control elements 
are involved in the correlated regulation of en­
zymes subject to nitrogen control Recently, it 
was described that mutants lacking glutamate 
synthase activity have altered growth properties 
with a number of nitrogen sources (3), but it is 
not clear how this is caused In enteric bactena, 
glutamme synthetase, encoded by the glnA 
gene, was originally believed to be the major 
regulatory protein (21, 31), but more recently 
evidence was presented for the existence of a 
separate regulatory gene closely linked to glnA 
(1, 15, 18, 24). This gene was found to be 
necessary for the derepression of proteins that 
are subject to nitrogen control, including gluta­
mme synthetase Other genes reported to be 
required for glutamme synthetase production 
are the glnF gene (5, 6), the product of which is 
also unknown, and the glnB gene, which en­
codes the Рц regulatory protein in the glutamme 
synthetase adenylylation system (4, 18, 27) 
How these genes operate together in the regula­
tion of enzyme formation remains to be estab­
lished 
We have started an investigation into the 
nitrogen control mechanism of Ρ aeruginosa, 
an organism which, with its remarkable metabol­
ic versatility, is expected to have regulatory 
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mechanisms that allow the efficient utilization of 
a great variety of compounds. The presence of a 
regulatory gene, required for the derepression of 
the synthesis of glutamine synthetase and ure­
ase, and involved in the repression of NADP-
dependent glutamate dehydrogenase, is de­
scribed here. 
MATERIALS AND METHODS 
Bacterial strains. Table 1 shows the P. aeruginosa 
strains used. All are den ved from strain PAO of B. 
Holloway. Strain PA02175 (20) was used as the wild-
type strain from which the mutants defective in nitro­
gen control were isolated as described below. Strains 
and plasmids used for genetic expenments were kindly 
provided by B. Holloway and D. Haas. 
Growth media. Two different minimal media were 
employed. The medium described by Leisinger el al. 
(17) was used for experiments in which enzyme regula­
tion was studied. It was supplemented with appropri­
ate carbon and nitrogen sources and sterilized by 
autoclaving. Methionine was added at 1 mM when 
strain PA02175 or its derivatives were grown. 
The minimal medium of Vogel and Bonner (32) was 
used in most genetic expenments (30). Amino acids 
TABLE 1. Strains of Λ aeruginosa 
Strain 
PA08 
(R68.45) 
PA018 
PA0222 
РАОЗОЗ 
PA0394 
PA0647 
PA02175 
PAO4510 
PA04519 
PAO4520 
PA04522 
PA04523 
PA04524 
Genotype 
ilvD202 met-28 str-l 
R68.45* 
proB64 pur-66 
ÜVBIC226 hisIM lys-I2 
trp-6 met-28 proA82 
argBIS 
ilvB/C226 hisIV59 lys-12 
trp-6 met-28 proA82 
proB56 ilvB/C2I9 car-9 
trpB4 
met-9020 cat Al 
ilvBIC226 h¡sIV59 lys-12 
ilvBIC226 hisIM lys-12 
trp-6 
met-9020 cat Al gln-
2020 
met-9020 cat Al gln-
2020 gln-2022 
Unknown 
hisIM lys-12 trp-6 gln-
2020 
Source, reference. 
and comments 
(10), source of 
R68 45 (7, 8) 
(16) 
(7) 
(11) 
B. Holloway 
(28) 
(20) 
Trp+ Met+ Pro* 
recombinant 
of PA0394 x 
PA018 
(R68 45) 
Met* Pro* 
recombinant 
of PA0222 x 
PA018 
(R68.45) 
GlnR" denva-
tive of 
PA02175 
Revertant of 
PAO4520 
Revertant of 
PAO4520 
Ilv* GlnR 
recombinant 
of PA04519 
Χ PAO4520 
(R68.45) 
were added when necessary to a final concentration of 
1 mM. Only L-amino acids were used. 
Mutant isolation. Mutants that were unable to dere-
press the formation of some enzymes involved in 
nitrogen assimilation (GlnR" phenotype) were isolated 
on the basis of their inability to utilize both nitrate and 
methionine as nitrogen source. The procedure was as 
follows· a nutrient broth culture of PA02175 was 
mutagemzed with ethyl methane sulfonate, grown in 
nutrient broth, and starved for nitrogen as descnbed 
before (13). Then, 0.2% L-methionine and 0.2% KNO, 
were added, and the culture was treated with carbeni-
cillin (2 mg/ml) for 16 h at 37°C. Subsequently, surviv­
ing cells were grown in minimal medium supplemented 
with citrate and ammonia After repeating the enrich­
ment cycle, mutants that were unable to utilize nitrate 
and methionine were identified by replica plating, 
punfied on nutrient agar, and analyzed further. Five 
independent mutants were obtained. 
Growth conditions. Cells were grown aerobically at 
37°C in batch cultures with rotary shaking. The inocu­
lum was from a washed suspension of cells pregrown 
on nutnent broth plus glutamine. Glutamine ¡imitation 
was obtained in batch cultures to which glutamine was 
slowly added as described before (12). All cultures 
were grown overnight and harvested at an optical 
density at 600 nm of 0.3 to 0.5 
Enzyme assays. Glutamine synthetase was assayed 
as 7-glutamyltransferase activity in cetyltnmethyl-am-
monium-bromide-treated cells as descnbed before (12, 
13). Assays were performed in the presence of 5 mM 
Mg2* at the isoactivity point, pH 7.9, of the adenyly-
lated and deadenylylated forms of glutamine synthe-
tase At this pH, the addition of 60 mM Mg2+ to the 
assay mixture stimulates biosynthelically active, dea-
denylylated glutamine synthetase and inhibits the ac-
tivity of inactive, adenylylated enzyme (12) 
NADP-dependent glutamate dehydrogenase and 
glutamate synthase were estimated in crude extracts 
prepared in phosphate buffer as described before (12, 
22). Urease activity was measured by following the 
release of ammonia from urea (12). 
One unit of enzyme is defined as the activity that 
forms 1 μιτιοί of product per mm under the incubation 
conditions used. 
Protein was determined according to Lowry et al. 
(19), using bovine serum albumin as a standard 
Genetic techniques. The conjugative IncP-1 plasmid 
R68.45 is able to mobilize the P. aeruginosa PAO 
chromosome (7, 8). Because this plasmid has a multi­
plicity of transfer origins and transfers only relatively 
short pieces of the genome, R68.45 resembles in 
mapping expenments a large generalized transducing 
phage (7, 8). Transfer of R68.45 to construct donor 
strains was accomplished as descnbed by Haas and 
Holloway (7) In subsequent conjugation experiments, 
plate matings were used, and these were carried out 
according to the procedures described by Stamsich 
and Holloway (30). Selected recombinants were isolat­
ed on and transferred to appropnately supplemented 
solid media and tested by replica plating. 
The GlnR" phenotype was tested on plates contain­
ing 0 2% KNO3 as sole nitrogen source. The GlnR' 
phenotype is characterized by poor repression of 
urease and glutamine synthetase by ammonia and 
thermosensitive growth with nitrate In crosses involv­
ing GlnR1 strains, recombinant clones were tested for 
O  
 
 
 
 
202 t-28 st
M p  
ilvBI   l 12 
6 t-28 pr  
IS 
/C 26 hisIV59 lys-12 
6 t-28 pr  
56 /C219 car-9 
4 
t-9020 t 
IC226 IV59 l s-12 
IC 26 hisIM lys-12 
-6 
t-9020 t I 
0 
t-9020 t 
0 gl 2 
I  -12 -6 gln-
0 
), 
r * et* r  
reco binant 
of 0394 x 
OI8 
( 68 45) 
et* ro* 
reco binant 
of 0222 x 
018 
( 68.45) 
ln " denva-
tive of 
02175 
evertant of 
4520 
evertant of 
4520 
Ilv* ln  
reco binant 
of 04519 
x 4520 
( 68.45) 
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urease after growth for 1 day at 30oC on Vogel and 
Bonner minimal medium plates with the spot test 
descnbed below Thermosensitive growth with nitrate 
was tested by comparing the growth after incubation 
for 2 days at 30°C and 420C on plates with KNO, as 
nitrogen source and citrate as carbon source 
Urease spot test. It was found convenient to use a 
spot test for the rapid qualitative determination of 
urease levels in cells grown on solid media for exam­
ple, in genetic expenments The assay mixture con­
tained 20 mM urea-0 5 m M sodium phosphate (pH 
7 0) with cresol red as indicator In a well from a 
Titertek tray, a small loopful of bacteria was suspend­
ed in two drops of the assay mixture, and the color was 
checked after 15 mm of incubation at 37°C Cells 
containing derepressed levels of urease give a positive 
reaction (purple color) within this time 
Materials. Ammo acids were obtained from Merck, 
Darmstadt. Federal Republic of Germany Ethyl meth­
ane sulfonate was obtained from Eastman Carbemcil-
hn was a gift from Beecham 
RESULTS 
Isolation of mutants with a defect in nitrogen 
control. Strains with a defect in nitrogen control 
were expected to be unable to derepress the 
formation of certain catabolic enzymes to a level 
required for utilization of their substrate as 
nitrogen source Thus, we started an ennchment 
procedure for mutants unable to grow with both 
methionine and nitrate as sole nitrogen source 
The assimilatory nitrate reductase of Ρ aerugin­
osa is repressed by ammonia (29) Methionine 
can only be used as a nitrogen source by this 
organism (14), suggesting that the regulation of 
methionine degradation may involve nitrogen 
control Both methionine and nitrate were used 
during counterselection to prevent the ennch­
ment of mutants with a block in one of the 
specific assimilatory pathways (25) After two 
carbemcillin ennchment cycles of the mutagen-
ized culture, mutants were obtained that were 
able to grow with ammonia but not with nitrate 
or methionine as sole nitrogen source We have 
chosen strain PAO4520, carrying the gln-2020 
mutation, for further study At least two other 
mutants showed essentially identical properties 
Strain PAO4520 was impaired in the utiliza­
tion of a number of nitrogen sources as com­
pared to the wild-type strain, poor growth was 
obtained with nitrate and a number of amino 
acids (Table 2) Good growth was observed with 
ammonia and the ammo acids glutamme. histi-
dine, aspartate, and asparagine 
Enzyme regulation in PAO4520. The cellular 
levels of glutamme synthetase, urease, and 
NADP-dependent glutamate dehydrogenase 
were measured under nitrogen-limited condi­
tions in PAO4520 and its parent PA02175 In 
these expenments, glutamme was used as a 
nitrogen source because its utilization is not 
J BACTERIOL 
TABLE 2 Utilization of nitrogen sources 
Nitrogen 
source 
(NH4hSO„ 
KNO, 
Glutamate 
Glutamme 
Urea 
Methionine 
Tryptophan 
Histidme 
Proline 
Arginine 
Lysine 
Asparagine 
Aspartate 
Allantoin 
Growth" 
PA02175 
-+-
+ 
+ 
+ 
+ 
S 
s 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
PAO» 
+ 
-
s 
+ 
s 
-
-
+ 
-
s 
s 
+ 
+ 
s 
" Growth was tested on minimal medium agar plate* 
supplemented with 1% tnsodium сіІгаІе-гНгО, 0 1 
mM L-methionme, and 0 2% of the nitrogen source 
indicated Bacteria were streaked and incubated at 
37°C Symbols +, growth observed after 24 h ol 
incubation, - , no growth observed after 72 h ol 
incubation, s, slight growth visible after 72 h of incuba 
lion 
dependent on the operation of one of the ammo­
nia assimilatory pathways. Although glutamme 
is a good nitrogen source for Ρ aeruginosa and 
is assimilated rather fast, nitrogen-limited 
growth with glutamme can be obtained by slow 
addition of glutamme to cells growing in a medi­
um containing no other nitrogen source (13) 
When cultured under these conditions, strain 
PA02175 showed derepression of glutamme 
synthetase and urease, and repression of NADP-
dependent glutamate dehydrogenase synthesis 
In the presence of excess ammonia, glutamme 
synthetase and urease were repressed and 
NADP-dependent glutamate dehydrogenase lev­
els were elevated (Table 3), which is consistent 
with previously reported results (13) The mu­
tant strain PAO4520 did not produce urease and 
glutamme synthetase at a derepressed level dur­
ing nitrogen-limited growth, whereas NADP-
dependent glutamate dehydrogenase was only 
partially repressed (Table 3) Thus, the mutant 
selected for its inability to utilize nitrate and 
methionine as nitrogen source was impaired in 
the regulation of enzymes subject to nitrogen 
control (GlnR" phenotype) Glutamate synthase 
formation in mutant PAO4520 was not signifi­
cantly altered as compared to the wild-type 
strain (Table 3) 
In Ρ aeruginosa the formation of NADP-
dependent glutamate dehydrogenase is regulated 
both by the availability of ammonia and by 
glutamate. When cells are grown in a medium 
containing glutamate, repression of the enzyme 
is observed (2, 12) This repression was found to 
39 
VOL. 151, 1982 NITROGEN CONTROL IN Ρ AERUGINOSA 25 
TABLE 3 Enzyme regulation in the wild-type 
strain PA02175 and the GlnR" mutant PAO4520 
Strain 
PA02175 
PA02175 
PA02175 
PAO4520 
PAO4520 
PAO4520 
Nitrogen 
source" 
gi l l 
am m 
amm -•- glu 
gin, 
amm 
amm + glu 
Enzyme activities* 
GS, 
150 
18 
24 
10 
13 
12 
GS; 
200 
20 
26 
13 
17 
15 
NADP-
GDH 
6 
100 
38 
60 
67 
19 
GOGAT 
26 
22 
11 
28 
34 
30 
Urease 
1600 
82 
23 
200 
69 
67 
car-g ςΙη-2022 
FP2 proB IIVB/C • qln-2020 hisH íhisH lys-IZ argB 
—4 i 1 І jj—1—j ι ι 
10' 15 
" Cells were grown at 37°C in a medium containing 
1% trisodium citrate-2H20 as carbon source and a 
nitrogen source as indicated. Abbreviations gin,, glu-
tamine added at a growth limiting rate, amm, 0.29? 
(NH4)2S04, glu, 0 2% L-glutamate 
* Glutamine synthetase activities were measured in 
the presence of 5 mM Mg2* (GS,) and 60 mM Mg2+ 
(GS2) The activities are expressed in milhunits per 
milligram (dry weight) NADP-GDH (NADP-depen-
dent glutamate dehydrogenase). GOGAT (glutamate 
synthase), and urease are given in milhunits per milli­
gram of protein. 
occur also in the GlnR" mutant. Thus, although 
nitrogen limitation no longer resulted in lowered 
NADP-dependent glutamate dehydrogenase lev­
els, the addition of glutamate to the growth 
medium still caused repression in PAO4520 (Ta­
ble 3). 
Mapping of the gln-2020 mutation. The chro­
mosomal location of the regulatory mutation in 
strain PAO4520, called gln-2020, was deter­
mined by measuring the coinheritance of gln-
2020 with known chromosomal markers (10, 28) 
in plasmid R68.45-mediated conjugations. In 
these experiments, prototrophic recombinants 
were selected from matings between an appro­
priate auxotrophic recipient and stram PAO4520 
(R68.45) as the donor. Recombinants were sub­
sequently tested for the GlnR" phenotype. 
In a preliminary cross between PAO4520 
(R68.45) and PA018, gln-2020 was found to be 
10% linked to proB64 which is located at 4 min. 
Linkage to argBIS at 21 mm in a cross between 
PAO4520 (R68.45) and PAO303 was about 4%. 
This suggests that gln-2020 is located between 
these markers in the early region of the P. 
aeruginosa PAO chromosomal map. 
Three-factor crosses were used to determine 
the location of gln-2020 relative to other markers 
in the early region (Fig. 1). From crosses be­
tween PAO4520 (R68.45) and PA0647, it ap­
peared that gln-2020 is located distal to car-9 at 9 
mm (Table 4). Coinheritance with this marker 
was 57%. Furthermore, from the recombinant 
phenotypes that appeared in double selection 
c r o s s e s b e t w e e n PAO4520 (R68.45) and 
FIG. 1. Early region of the chromosome map of P. 
aeruginosa PAO (9, 28) 
PAO4510, it was concluded that gln-2020 is 
located proximal to hislVS9 at 14 min (Table 4). 
The strong coinheritance (94%) oí gln-2020 with 
hislV59 in single selection expenments shows 
that these mutations are located very close to 
each other (Fig. 1). 
Rever t an t s . Spon taneous rever tan t s of 
TABLE 4 Genetic mapping of the gln-2020 
mutation 
Recipient" 
PA0647 
PA0647 
PAO4510 
PAO4510 
PAO4510 
Marker se-
lected 
ІІ ВІС219* 
car-9* 
ilvBIC226* 
hislV59* 
hislVS9+ 
/yç-Zr 
hisIV59 
No of 
conju-
gants 
scored 
192 
201 
221 
209 
202 
Phenotype of 
conjugants 
Ilv+ C a r 
GlnR* 
Ilv+ Car* 
GlnR+ 
11 ν * Car* 
GlnR 
Ilv+ Car-
GlnR" 
Car* Ilv-
GlnR+ 
Cir + Ilv+ 
GlnR+ 
Car+ Ilv* 
GlnR-
Car+ Ilv-
GlnR-
Ilv* His + 
GlnR Lys 
Ilv* His* 
GlnR Lys* 
Ilv* His* 
GlnR* Lys" 
Ilv* His* 
GlnR* Lys* 
His* Lys* 
Ilv- GlnR* 
His* Lys* 
Ilv" GlnR 
His* Lys* 
Ilv* GlnR-
His* Lys* 
Ilv* GlnR* 
His* GlnR* 
His* GlnR 
Fre­
quen­
cy 
(%) 
27 
55 
18 
0 
35 
8 
45 
12 
53 
47 
0 
0 
14 
57 
29 
0 
6 
94 
No 
of 
cross­
overs 
re­
quired 
2 
2 
2 
4 
2 
2 
2 
2 
2 
2 
4 
4 
2 
2 
2 
4 
2 
2 
" Matings between PAO4520 (R68 45) and the recip­
ient indicated were earned out on the plate. Recombi­
nants were tested for auxotrophic markers and the 
GlnR phçnotype The results suggest the order car-9-
gln-2020-hislV59. 
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PAO4520 that had regained the ability to use 
nitrate as nitrogen source were easily obtained 
on citrate-nitrate plates Two classes of rever-
tants were obtained Class I strains showed a 
restoration of the wild-type growth pattern on 
citrate-nitrate plates, both at 30 and 420C A 
representative of this class, strain PA04523, 
was indistinguishable from the wild-type strain 
with respect to the formation of glutamine syn-
thetase, NADP-dependent glutamate dehydro-
genase, and urease (Table 5) In conjugation 
expenments, using PA04523 (R68 45) as the 
donor and vanous recipients, the gln-2020 muta-
tion could not be recovered These results indi 
cate that the reversion mutation in PA04523 is 
located m the same gene, or close to the original 
mutation 
Class II revertants showed thermosensiiive 
growth with nitrate as nitrogen source Strain 
PA04522, for example, formed slowly growing 
colonies on citrate-nitrate plates at 30oC but 
could not grow on this medium at 420C To 
examine the regulatory properties, the activities 
of enzymes involved in nitrogen assimilation 
were assayed (Table 5) During growth at 30°C 
under nitrogen limitation with a low concentra-
tion of nitrate as nitrogen source, glutamine 
synthetase and urease were found to be dere-
pressed, whereas NADP-dependent glutamate 
dehydrogenase levels were low In cells growing 
in the presence of excess ammonia, glutamine 
synthetase and urease were not strongly re-
pressed and the NADP-dependent glutamate de-
hydrogenase level was not elevated (GlnR1- phe-
notype) A more extensive repression of urease 
TABLE 5 Enzyme regulation in revertan! strains 
PA04522 and PA04523 
Strain 
PA04523 
PA04523 
PA04522 
PA04522 
PA04522 
PA04522 
PA04522 
PA02175 
PA02175 
PA02175 
Nitro 
gen" 
source 
glni 
amm 
nit 
amm 
amm + 
glne 
glni 
amm 
amm 
gin, 
amm 
Growth 
temp 
CC) 
37 
37 
30 
30 
30 
42 
42 
30 
42 
42 
Enzyme activities'" 
OS, 
100 
12 
500 
200 
160 
410 
110 
20 
115 
12 
GS, 
180 
23 
150 
52 
45 
129 
40 
25 
160 
18 
NADP 
GDH 
1 
70 
3 
2 
20 
16 
50 
70 
5 
55 
GOGAT 
18 
25 
18 
16 
13 
21 
24 
43 
22 
28 
Ure 
ase 
1 500 
60 
900 
340 
80 
80 
5 
20 
1 160 
5 
° Cells were grown at different temperatures m a 
medium containing 1% tnsodium citrate 2H2O as car 
bon source and a nitrogen source as indicated Abbre 
viations gin,, glutamine added at a growth limiting 
rate, amm, 0 2% (NH4)2S04, mt, 0 02% KNO,, glne, 
0 2% L glutamine 
* See footnote b to Table 3 
formation and derepression of NADP-dependent 
glutamate dehydrogenase could be obtained by 
adding excess glutamine to the growth medium, 
although the glutamine synthetase content of the 
cells was only partially lowered under these 
conditions (Table 5) The strongest repression of 
urease in the thermosensiiive strain was ob-
served when cells were grown at the restrictive 
temperature Both after nitrogen-limited growth 
and after cultivation in the presence of excess 
ammonia, urease was hardly detectable in ex-
tracts from cells grown at 42°C, whereas NADP-
dependent glutamate dehydrogenase formation 
was derepressed (Table 5) In the wild-type 
strain, a change in growth temperature from 37 
to 30 or 420C did not significantly alter the 
cellular contents of urease, NADP-dependent 
glutamate dehydrogenase, glutamine synthe-
tase, or glutamate synthase 
Besides the change in the synthesis, the rever-
tant strain PA04522 also showed abnormal 
adenylylation/deadenylylation control of gluta-
mine synthetase The enzyme was present in a 
highly adenylylated form under all growth condi-
tions tested, as indicated by the strong inhibition 
of transferase activity by Mg2+ (Table 5) 
Genetic analysis of PA04522. From a conju-
gational cross between revenant PA04522 
(R68 45) and PA018 as the recipient, GlnR" 
strains were found among Pro* recombinants 
with a frequency of 9%, whereas 10% showed 
the GlnRu phenotype characteristic of PA04522 
This indicates that the reversion mutation in 
PA04522, called gln-2022, is located at a site 
different from gin 2020, probably distal to this 
site 
Three factor crosses were used to establish 
the gene order in this region From a conjugation 
between PA04522 (R68 45) and PAO4510, it 
appeared that gln-2022 is located distal to 
his¡V59, because GlnRc strains that had not 
inherited the hi4lV59* allele were rare among 
i/v+ recombinants (Table 6) Crosses between 
PA04522 (R68 45) and the GlnR" recipient 
PA04524 revealed that gln-2022 is located close 
before the hisIM marker at 16 min Coinhen-
tance with this marker was 81% 
DISCUSSION 
In this paper we describe the isolation and 
characterization of mutants from Ρ aeruginosa 
with a defect in nitrogen control The repre­
sentative strain PAO4520 was shown to be un­
able to derepress the synthesis of glutamine 
synthetase and urease during nitrogen-limited 
growth, whereas NADP-dependent glutamate 
dehydrogenase was not repressed under this 
condition Probably, the gln-2020 mutation in 
this strain is located in a gene which encodes a 
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TABLE 6 Genetic mapping of the gin 2022 
mutation 
Recipient" 
PAO4510 
PA04524 
PA04524 
Marker se 
lected 
ihBIC226 + 
hislM* 
lys 12* 
No of 
conju 
gants 
scored 
213 
139 
188 
Phenoiype of 
conjugants 
Ilv+ GlnR+ 
His 
llv* GlnR 
His 
Ilv+ GlnRc 
His 
Ilv+ GlnR 
His* 
llv* GlnR' 
His* 
llv* GlnR* 
His* 
His* GlnR 
Lys 
His* GlnRc 
Lys 
His* GlnR 
Lys* 
His* GlnR' 
Lys* 
Lys* GlnR 
His 
Lys* GlnR 
His* 
Lys* GlnRc 
His* 
Lys* GlnR' 
His 
Fre 
quen 
cy 
(7c) 
50 
8 
2 
19 
17 
4 
8 
16 
11 
65 
49 
6 
45 
0 
No 
of 
cross 
overs 
re 
quired 
° Mdtings between PA04522 (R68 45) and the recip­
ient indicated were carried out on the plate Recombi 
nants were tested for auxotrophic markers and the 
GlnR phenotype The results suggest the order 
hislVS9-gln 2022-hisll4 
factor that regulates the transcription of genes 
encoding proteins that are involved in nitrogen 
assimilation Genetic experiments demonstrated 
that the gin-2020 mutation is located close to 
hislV59 at 14 mm on the Ρ aeruginosa PAO 
chromosome 
The observation that GlnR" strains are al­
tered in the utilization of a number of nitrogen 
sources suggests that the regulatory gene affect­
ed is involved in the formation of several ammo­
nia-generating pathways, e g , nitrate reduction 
and proline, methionine, and tryptophan catabo-
hsm The growth of a GlnR- strain on histidme 
and some other nitrogen sources does not ex­
clude the possibility that the pathways in ques­
tion are regulated by nitrogen (13, 26) It is 
possible that under the conditions used enzyme 
levels are high enough to support growth since 
catabolite repression by citrate is far from com­
plete (13) 
Two classes of revertants that had regained 
the ability to grow with nitrate as nitrogen 
source were obtained One class was identified 
as true revertants in which the gln-2020 mutation 
was no longer detectable A second class of 
revertants arose by suppression at another chro­
mosomal site, which we have designated gln-
2022 This locus appeared to be closely linked 
and proximal to hisIM at 16 min 
One of the class II revertants, strain 
PA04522, showed a number of remarkable 
properties, which can be summarized as follows 
(i) poor repression of urease and poor derepre-
sion of N ADP-dependent glutamate dehydroge­
nase in the presence of excess ammonia, but 
more significant repression and derepression of 
these enzymes when glutamme was present in 
the growth medium, (u) thermosensitivity, with 
derepression of urease and repression of N ADP-
dependent glutamate dehydrogenase only at the 
permissive temperature, (in) in contrast to ure­
ase formation, poor repression of glutamme syn­
thetase at the restrictive temperature and in the 
presence of glutamme, (iv) a high adenylylation 
state of glutamme synthetase, even during nitro­
gen limitation 
The high adenylylation state of glutamme syn­
thetase in PA04522 suggests that some factor 
involved in the regulation of the adenylylation/ 
deadenylylation reactions also afiects the forma­
tion of enzymes subject to nitrogen control One 
factor reported to be involved in both mecha­
nisms is the Рц regulatory protein (4, 18, 27) 
Mutants from Klebsiella with a defect in glnB, 
which is believed to encode Рц, fail to fully 
derepress glutamme synthetase and to deadenyl-
ylate the enzyme, or they form high levels of 
glutamme synthetase which is normally adenyly-
lated and deadenylylated (4,18) It remains to be 
established whether the adenylylation system in 
strain PA04522 is directly affected 
With respect to the regulation of urease and 
NADP-dependent glutamate dehydrogenase by 
ammonia and glutamme, the revenant stram 
PA04522 is similar to a glutamme synthetase-
negative mutant described before (13) In this 
strain only growth with excess glutamme was 
found to repress urease formation and derepress 
NADP-dependent glutamate dehydrogenase 
Maybe the poor repression of urease and dere­
pression of NADP-dependent glutamate dehy­
drogenase m PA04522 is caused by the high 
adenylylation state of glutamme synthetase, 
which lowers the biosynthetic activity of the 
enzyme (12) The observation that glutamme 
synthetase and urease formation are no longer 
strictly correlated in revertant strain PA04522 
suggests that there are differences in the mecha­
nisms that regulate the formation of these en­
zymes 
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The gln-2020 mutation described here is clear­
ly distinct from most classes of mutations in 
enteric bacteria that lead to the failure to dere-
press the formation of nitrogen-controlled pro­
teins. The possibility that gln-2020 is in a gene 
like gltB (3, 25) or glnA (2\, 31) is highly 
improbable since our GlnR ' strains do not lack 
glutamate synthase or glutamine synthetase, re­
spectively. The gln-2020 mutation could be in a 
gene like glnF (5, 6, 18) or glnG (15, 18, 24). 
Mutations in these genes impair the elevation of 
the synthesis of a number of nitrogen-controlled 
proteins in response to nitrogen limitation. Mu­
tations in glnF are partly suppressed by muta­
tions in glnG, a regulatory gene which is closely 
linked to the structural gene for glutamine syn­
thetase in enteric bacteria (1, 15, 24). It is also 
striking that the gln-2022 locus described here is 
located close to the structural gene for glutamine 
synthetase, which is at about 15 min on the 
chromosomal map of P. aeruginosa PAO (Jans-
sen, Joosten, and Herst, manuscript in prepara­
tion). However, it is not yet possible to decide 
whether gln-2022 is really a mutation in a second 
regulatory gene or a mutation that causes rever­
sion by informational suppression or by affecting 
glutamine synthetase. 
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Abstract. The formation ofamidasc was studied in mutants 
from Pseudomonas aeruginosa PAO lacking glutamine syn­
thetase activity It appeared that catabolite repression of 
amidase synthesis by succinate was partially relieved when 
cellular growth was limited by glutamine Under these 
conditions, a correlation between amidase and urease for­
mation was observed. The results suggest that amidase 
formation in strain PAO is subject to nitrogen control and 
that glutamine or some compound derived from it mediates 
the nitrogen repression of amidase 
Key words: Amidase — Nitrogen control — Glutamine 
synthetase — Pseudomonas aeruginosa 
Nitrogen control, that is regulation of en/ymc formation by 
the availability of ammonia, has been demonstrated for a 
number of enzymes in Pseudomonas aeruginosa The synthesis 
of several proteins that are superfluous when a good nitrogen 
source is available becomes repressed under these conditions 
Thus, during growth with excess ammonia, the cellular levels 
of urease (Kaltwasser et al 1972, Janssen et al 1980), 
assimilatory nitrate reductase (Sias and Ingraham 1979) and 
also glutamine synthetase (Janssen et al 1980) become 
repressed when compared to nitrogen-limited growth. 
NADP-dependent glutamate dehydrogenase on the other 
hand is elevated under ammonia-excess conditions (Brown et 
al. 1973; Janssen et al 1980) Under conditions of catabolite 
repression there is also nitrogen regulation of histidase, 
urocanase (Lessie and Ncidhardt 1967, Potts and Clarke 
1976) and enzymes of the arginine catabolic pathway 
(Mercenicr el al 1980) 
The regulation of amidase formation has been elegantly 
studied by Clarke and coworkers Amidase formation was 
found to be regulated by induction, involving positive 
regulation (Farm and Clarke 1978, Clarke 1980), and ca­
tabolite repression, especially by tricarboxylic acid cycle 
intermediates (Brammar and Clarke 1964) No evidence was 
found for nitrogen control of amidase synthesis, and re­
pressed levels of amidase were found to be high enough for the 
generation of ammonia from acetamidc in the absence of 
another nitrogen source (Polls and Clarke 1976) 
We have previously isolated mutants from Ρ aeruginosa 
PAO that lack glutamine synthetase activity (Janssen et al. 
1981) The formation of urease and histidase, which were 
known to be regulated by nitrogen, was no longer repressed in 
Offprint iequi",l\ to D В Janssen 
the mutants by a good carbon and nitrogen source when 
cellular growth was limited by glutamine Recently, we have 
undertaken some measurements on amidase formation in the 
glutamine synthetase-negative mutants The results suggest 
that amidase synthesis in РАО strains is regulated by 
nitrogen 
Materials and Methods 
Organisms 
All strains used are derivatives of Pseudomonas aeruginosa 
strain РАО of Dr. В Holloway Strain РАО 2175 (met-9020, 
cat AI ), which was used as the wild type strain, was isolated 
by Malsumoto et al (1978). The isolation of the glutamine 
synthetase-negative mutants PAO4501 and PAO4506 (for­
merly designated РАО 4001 and РАО 4006, respectively) was 
described before (Janssen et al 1981) The glutamine 
synthetase-negative strain PAO4550 was obtained by select­
ing Ade* Leu " G i n " recombinants from a cross between 
РАО 12 {ade-136, leu-8, Pemberton and Holloway 1972) and 
РЛО4501 (R68.45) as the donor. This was accomplished 
according to the procedures described by Haas and Holloway 
(1978). 
Growth Conditions 
Minimal growth medium contained per 1:4 3 g N a 2 H P 0 4 
2 H 2 0 , 2 2 g K H 2 P 0 4 , 100 mg M g S 0 4 · 7 H 2 0 and 1.8 mg 
F e S 0 4 · 7 H 2 0 A carbon and nitrogen source was added 
as indicated When necessary, L-methionine and ι -leucine 
were added at 0.1 and 1 mM, respectively The pH after steril­
ization was 7 0 
For enzyme assays, cells were grown in batch cultures 
which were inoculated from a washed and diluted suspension 
of cells pregrown on nutrient broth plus glutamine. 
Glutamine limitation was achieved in batch cultures by slowly 
adding glutamine at a constant growth limiting rate (Janssen 
et al 1981) Cells were grown overnight aerobically and 
harvested at an optical density at 600 nm of 0 3 - 0 6 
Enzyme Assays 
Amidase levels were estimated in whole cells by the trans­
ferase assay according to the procedure described (Brammar 
and Clarke 1964; Brammar et al 1967) Urease, NADP-
dependent glutamate dehydrogenase and catechol 1,2-
dioxygenase were measured in crude extracts prepared in 
phosphate buffer by ultrasonic disruption of the cells (Janssen 
0102-8913/82'0131,Ό344, $01 00 
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et al 1980) The assays for urease and NADP-dcpendent 
glulamatc dehydrogenase have been described (Janssen el al 
1980, Brown et al 1973) Catechol 1 2-dioxygenase was 
measured speclrophotometrically by following the conver-
sion of catechol to tiv-i/ç-muconate according lo Hcgcman 
(1966) Glutamine synthetase activities were measured in 
whole cells with the y glutamyllransferasc assay as described 
before (Janssen et al 1980, 1981) One unit of en/yme is 
defined as the activity that forms 1 μπιοί of product per mm 
under the incubation conditions used Protein was measured 
according to Lowry et al (1951), with bovine serum albumin 
as the standard 
Results 
Amidase Formation in the Wild-T)pe 
The cellular level of amidase in Pseudomonas aeruginosa 
PAOl and PA02175 was measured after cultivation of the 
cells on different media (Table 1) It appeared that growth 
with acetamidc as the sole carbon and nitrogen source caused 
derepression of the enzyme Calabolite repression was ob­
served when ammonia and a good carbon source such as 
succinate were added to the growth medium This confirms 
the results of Brammar and Clarke (1964) obtained with 
Ρ aeruginosa strain PAC With strain PA02175, however, 
some elevation of amidase synthesis was observed when 
ammonia was omitted from the medium and acetamidc was 
the sole nitrogen source (Table 1) 
Amidase Formation 
in Glutamine Synthelase-Negative Mutants 
The regulation of amidase formation was measured in 
glutamine auxotrophic mutants Previously, two such strains 
were described, and they were found to lack glutamine 
synthetase activity (Janssen et al 1981) Amidase synthesis in 
mutant strain PAO4501 was found to be derepressed when 
the cells were grown in the presence of acetamidc, succinate 
and ammonia under glutamine limitation (Table 1) Ap­
parently, glutamine limitation resulted in a relieve of amidase 
formation from catabolite repression The addition of excess 
glutamine, however, caused a strong repression of amidase 
synthesis (Table 1) As expected on the basis of earlier results 
(Janssen et al 1981) urease levels declined and NADP-
dependenl glutamate dehydrogenase levels increased ш the 
presence of excess glutamine when compared to glutamine-
limited growth 
The glutamine synthelase-negative mutant РАО 4506 has 
a much higher glutamine requirement than strain PAO4501 
In PAO4506 glutamine is subject to rapid turnover which 
makes it impossible to obtain growth under glutammc-cxcess 
conditions simply by adding a high amount of glutamine to 
the growth medium (Janssen et al 1981) In accordance with 
this, urease levels are high even when the mutant is grown in a 
medium containing glutamine and ammonia The results 
presented m Tabic 1 show that also amidase synthesis was not 
repressed by glutamine in strain PAO4506 in the presence of 
succinate and ammonia 
Catabolite Repression and Nitrogen Control 
It was investigated whether ι lie absence of repression of 
amidase synthesis b> succinate during glutamme-limited 
Tabic 1 Regulation of amidase formalion in diffcrenl strains derived 
from PuinJonwnas аеги^то\а РАО 
Strain 
PAOl 
PA02175 
РАО 2175 
РАО 2175 
РАО 2175 
РАО 4501 
РАО 4501 
РАО 4506 
Growth medium' 
асе 
асе 
асе -1 suc 
aœ + suc + amm 
асе τ suc + amm + glnc 
ace -r suc + amm + gin, 
ace + suc + amm + glnc 
ace 4 suc + amm + glne 
ï пгутс 
anudase 
3 180 
2 970 
1010 
270 
40 
1430 
10 
1060 
acliv 
GS, 
22 
21 
24 
25 
22 
0 
0 
0 
itiesh 
GS, 
26 
12 
22 
27 
20 
0 
0 
0 
GOH 
73 
57 
60 
67 
40 
4 
38 
2 
urease 
114 
24 
35 
38 
40 
2 350 
45 
1620 
* The growth medium was minimal medium supplemented as indicated 
ace — 0 5 0 0 acetamidc sue — I °0 disodiumsuccinate 2 H,() amm 
= 0 2 "„ (MI4)2S04 gin, = 0 2 ' „ glulammc for strams PA02175 and 
PAO4501 and I 0 0 glulamtne for strain РЛО4506 gin, = glulammc 
added at a growth hmiung rale 
ь
 Amidase and glutamine synthetase (GS) activities arc expressed in 
mU mg dry weight Glutamine synthetase was measured in the 
presence ofSmM Mg1' (CjS,)and with 60 mM Mg2 ' (GS2) NADP 
dependent glutamate dehydrogenase (CJDH) and urease are given in 
mU mg protein 
growth of the glutamine synthetase-negative mutants was due 
to poor catabolite repression under these conditions The 
occurrence of catabolite repression was tested with catechol 
1 2-dioxygenase, an enzyme which is known to be subject to 
strong repression by succinate in Pseudomonas (Ornston 
1966) Furthermore, the enzyme is only involved in carbon 
metabolism, which makes nitrogen control of its synthesis 
unlikely 
Because strain PA02175 and its derivatives lack catechol 
1,2-dioxvgenase, the mutation responsible for the glutamine 
requirement of strain PAO4501, which is located at about 
15 mm on the PAO chromosomal map (Janssen et a l , 
manuscript in preparation) was transferred to an appropriate 
catechol 1,2-dioxygcnase-positive recipient Surprisingly, the 
resulting strain PAO4550 was found to have the high 
glutamine requirement characteristic for PAO4506 rather 
than PAO4501 In a medium containing citrate, ammonia 
and 0 2"„ glutamine strain PAO4501 reached a final density 
of 0 6 mg dry weight ml, while strains PAO4506 and 
PAO4550 reached 0 13 mg dry weight ml Thus, the mutation 
that causes the difference in glutamine requirement between 
strains PAO4501 and PAO4506 is located in strain 
PAO 4501 
With ben/oate as the inducer, it was found that succinate 
caused strong catabolite repression of catechol 1,2-dioxy-
genase in strain PAOl (Table 2) When the glutamine 
synthelase-negative strain PAO4550 was grown in medium 
containing ben/oate and glutamine, catechol 1,2-dioxygenase 
synthesis was strongly repressed Addition of succinate to the 
medium further lowered the level of the enzyme It appeared 
that catabolite repression is still functional in a mutant 
lacking glutamine synthetase activity Urease levels in strain 
PAO4550 were high under these conditions, which indicates 
that the elevation of enzyme levels during glutamine-limited 
growth is specific for enzymes subject to nitrogen control 
When amidase formation in strain PAO4550 was tested, it 
was tound that amidase was not subject to strong catabolite 
repression by succinate Both amidase and urease levels 
48 
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Table 2. Catabolite repression and nitrogen control 
Strain Growth medium' Enzyme aclivitiesb 
PAOl 
PAOl 
PAO 45 50 
PAO4550 
PAO 45 50 
PAO4550 
PAO 4550 
b e n z + a m m 
benz+amm-t-suc 
benz f gin + amm 
benz + gin-ь amm-t-suc 
асе + gin 
асе + gin f amm 
асе + gin 4- amm + sue 
CO 
810 
100 
30 
0 
-
-
-
amidasc 
_ = 
-
-
-
1.750 
1.500 
1,920 
G D H 
190 
67 
10 
6 
0 
1 
0 
urease 
280 
60 
1.000 
1.210 
1,560 
1,550 
1,850 
* The growth medium contained minimal medium, supplemented as 
indicated, benz = 0.2% benzoic acid; amm = 0.2% (NH4)2S04; 
gin = 1 % glutamine; асе = 0.5% acetamide; sue = 1 % disodium-
succinate • 2 H 20. 
ь
 Catechol 1,2-dioxygenase (CO), NADP-dependent glutamate dehy­
drogenase (GDH) and urease activities are given in mU/mg protein. 
Amidase is expressed in mU/mg dry weight. 
c
 = not determined 
remained high in a medium containing acelamide, glulamine, 
ammonia and succinate. NADP-dependent glutamate dehy­
drogenase was negatively correlated with these enzymes. 
Discussion 
In this paper we describe the regulation of amidase synthesis 
in strains from Pseudomonas aeruginosa PAO. In PA02175, 
catabolite repression of amidase synthesis by succinate could 
be partly overcome by omitting ammonia from the growth 
medium and using acetamide as sole nitrogen source. In the 
glutamine synthetase-negative mutant PAO 4501, amidase 
was derepressed during glutamine limitation and the cata­
bolite repression by succinate was relieved. Excess glutamine 
caused repression of amidase. In strains PAO4506 and 
PAO4550, which grow under glutamine limitation even when 
excess glutamine is added to the growth medium (Janssen et 
al. 1981), amidase was always high. These results show that 
amidase is regulated in a way similar to histidasc, which is 
described to be subject to nitrogen regulation (Lessie and 
Neidhardt 1967; Potts and Clarke 1976; Janssen et al. 1981). 
The lack of repression of amidase in the glutamine synthetase-
negative strains was not due to poor catabolite repression. 
Whereas catechol 1,2-dioxygenase was severely repressed by 
succinate and glutamine in PAO4550, amidase levels re­
mained high. The levels of amidase in PAO4550 arc regulated 
much more alike urease, which is known to be regulated by 
nitrogen (Janssen et al. 1981), than to catechol 1,2-dioxy­
genase, which is regulated by catabolite repression (Ornston 
1966; this paper). 
P. aeruginosa strain PACHI did not show an escape from 
catabolite repression of amidase synthesis during nitrogen-
limited growth (Potts and Clarke 1976). This could point to 
differences between PAC and PAO strains with regard to 
amidase regulation. The formation of amidase was not yet 
tested in mutants from strain PAC that lack glutamine 
synthetase activity or have other mutations that affect 
nitrogen control. 
In P. aeruginosa PAO, both amidase and urease synthesis 
are subject to regulation by the availability of ammonia, 
which is mediated by glutamine or some compound derived 
from it (Janssen el al. 1981). Nitrogen control is thus not only 
involved in the control of the synthesis of enzymes that are 
involved in the catabolism of potentially biosynthctically 
valuable compounds. The function of this mechanism is 
probably mainly the prevention of the formation of un­
necessary enzymes, and the strong and selective stimulation of 
the production of enzymes required under specific nitrogen-
limited conditions. 
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CHARACTERIZATION OF GLUTAMINE-REQUIRING MUTANTS OF 
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Summary 
Revertants were isolated from a glutamine-requiring 
mutant of Pseudomonas aeruginosa PAO. One strain showed 
thermosensitive glutamine requirement and formed thermola-
bile glutamine synthetase, suggesting the presence of a 
mutation in the structural gene for glutamine synthetase. 
The mutation conferring glutamine auxotrophy was subse-
quently mapped and found to be located at about 15 min on 
the chromosomal map, close before hisll4. Furthermore, in 
transduction experiments, it appeared to be very closely 
linked to gln-2022, a suppressor mutation affecting nitro-
gen control. With immunological techniques, it could be 
demonstrated that the glutamine auxotrophs form an inactive 
glutamine synthetase protein which is regulated by glutamine 
or a product derived from it in a way similar to other ni-
trogen-controlled proteins. 
Introduction 
Nitrogen control, that is, regulation of enzyme for-
mation by the availability of ammonia, has been demonstra-
ted for a number of enzymes in Pseudomonas aeruginosa. It 
includes enzymes involved in the utilization of urea(17), 
histidine (21,27), arginine (25), acetamide (16), nitrate re-
ductase (31), and also proteins that are responsible for the 
formation of glutamate and glutamine (2,15,17). We have shown 
previously that glutamine or some compound derived from it 
plays a major role in the regulation of proteins subject to 
nitrogen control (15). This conclusion was based on the ob-
servation that glutamine synthetase-negative mutants were 
impaired in the repression of urease and histidase by ammonia, 
whereas NADP-dependent glutamate dehydrogenase was not ele-
vated. Only growth with excess glutamine, which could be ob-
tained in a mutant with reduced conversion of glutamine, 
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caused repression of urease and histidase and derepression of 
NADP-dependent glutamate dehydrogenase synthesis. 
We have also obtained mutants from P. aeruginosa that show 
disturbed nitrogen control (14). These mutants could not uti­
lize a number of amino acids an did not show derepression of 
urease and glutamine synthetase formation under nitrogen limi­
tation, whereas NADP-dependent glutamate dehydrogenase was not 
repressed. Suppression of this phenotype by mutation at an­
other chromosomal site was observed, and both mutations were 
mapped on the chromosome. 
In enteric bacteria, there are at least three genes repor­
ted to be involved in nitrogen control. The glnF gene, whose 
product is unknown, was found to be required for glutamine 
synthetase production and proper derepression of other enzymes 
subject to nitrogen control (7,8). The glnB gene encodes the 
Ρ regulatory protein in the glutamine synthetase adenylyla-
tion system and has been reported to be required for glutamine 
synthetase derepression (6,29). Finally, the presence of a 
regulatory gene, called glnc (26), glnR (19), or ntrc (24,28) 
and located close to the structural gene for glutamine syn­
thetase, glnA, has been demonstrated. Mutations in this regu­
latory gene caused a loss of the ability to derepress gluta­
mine synthetase and other nitrogen-controlled proteins. They 
were also obtained as suppressors from mutations in glnF (19, 
24). Recently, the product of glnG has been identified as a 
55,000 dalton protein (1,24). Probably, glnG (1) and ntrC 
(24) are separated from glnA by a third gene which can also 
harbor mutations that affect nitrogen control. The product 
of this gene is a 36,000 dalton protein (24). The two regu­
latory genes and the glutamine synthetase structural gene were 
found to be part of one operon, transcribed in the direction 
of glnA to glnG (1) . 
It is completely unknown whether the mechanism for nitro­
gen control in P. aeruginosa has similarities to the system 
of enteric bacteria. In this paper, we present some proper­
ties of glutamine synthetase-negative mutants that may be re­
levant to the understanding of nitrogen control in 
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Ρ. aeruginosa. 
Materials and Methods 
Organisms. All bacterial strains were derivatives of P. aeruginosa 
PA01 (Table 1). Strain PA02175 (23) was the wild type strain from which 
the glutamine synthetase-negative mutants PAO4501 and PAO4506 (formerly 
PAO4001 and PAO4006), were derived (15). Strains, plasmids, and phages 
for genetic experiments were kindly donated by B. Holloway, Monash Univer­
sity, Clayton, Australia and D. Haas, ΕΤΗ, Zürich, Switzerland. 
Growth media. Liquid synthetic media contained (per liter): 4.3 g of 
Na2HP04.2H20, 2.2 g of KHjPO , 0.4 g of MgSO .7H2O, and 1.8 mg of FeSO . 
7H-0. Trisodium citrate.2H2O was used as the carbon source, and a nitrogen 
source was added as indicated. The pH after sterilization was 7.0. 
For solid media, the minimal medium of Vogel and Bonner (33) was used. 
Amino acids were added at 1 mM when necessary, except glutamine, which was 
used at 0.2 %. Glutamine solutions were prepared freshly and filter ste-
rilized. 
Growth conditions. For experiments in which enzyme formation was stu-
died, growth media were inoculated with washed and diluted preCultures on 
nutrient broth plus glutamine. Cultures were grown overnight at 37 С and 
harvested at an optical density at 600 nm of 0.3 to 0.6. Glutamine limi­
tation was achieved by adding glutamine at a growth-limiting rate as des­
cribed previously (15). 
Jsoiation of revertants. Revertants were isolated from strain PAO4501 
after mutagenesis. A preculture of PAO4501 on nutrient broth plus gluta­
mine was divided into 40 1-ml portions and treated with 10 μΐ ethyl metha­
ne sulfonate for 1 h at 37 С After overnight growth on nutrient broth 
plus glutamine, samples were spread on nutrient broth plates and incuba­
ted at 30 С Revertants were picked off after 3 days and purified on the 
same medium. Twenty-four independant revertants were obtained. 
Enzyme assays. Glutamine synthetase activities were estimated in 
crude extracts prepared by sonication in IMMK buffer (10 mM imidazole-
hydrochloride (pH 7.2), 2 mM MnCljf 1 mM ß-mercaptoethanol, and 100 mM 
KCl). The assays were carried out at pH 7.9 as described previously (15, 
17). Glutaminase was measured in crude extracts prepared in 10 mM Tris-
hydrochloride (pH 7.2) containing 100 mM KCl. Activities were measured 
by following the conversion of J-glutamylhydroxamate according to Brown 
and Tata (3). Protein concentrations were measured by the method of Lowry 
et al. (22), using bovine serum albumin as the standard. 
Genetic techniques. In conjugation experiments, R68.45 was used as 
the chromosome-mobilizing plasmid (10). The construction of donor strains 
carrying R68.45 was done as described by Haas and Holloway (10). Plate 
matings were carried out by the method of Stanisich and Holloway (32). 
Desired strains were constructed with R68.45-mediated conjugations as des-
cribed by Haas and Holloway (10). 
For transduction experiments, phage suspensions were prepared by the 
soft-agar layer method. Transductions were performed by the method of 
Haas et al. (11). The procedure for the prototroph transduction test was 
described by Fargie and Holloway (5). 
Transconjugants and transductants obtained in mapping experiments 
were tested by replica plating for auxotrophic markers. The GlnRc pheno-
type, which is characterized by derepressed urease and glutamine synthe-
tase syntheses in the presence of ammonia, was tested with a urease spot 
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assay as described previously (14). Therraosensitive glutamine auxotro-
phy was determined by testing the growth on plates containing no 
glutamine at 30 and 420C. 
Purification of glutamine synthetase. Glutamine synthetase was puri-
Tied from strain PA02175 grown on citrate medium supplemented with 0.2% 
KNO3 as nitrogen source. Crude extract was prepared by sonication (15) 
in IMMK buffer, which was also used during the isolation of the enzyme. 
The extract was treated with streptomycin sulfate (1%), and the preci­
pitate was removed by centrifugation. After dialysis, the extract was 
subjected to heat treatment for 15 min at 650C, and the precipitate for­
med was removed by centrifugation. The increase in total activity by these 
two steps may be caused by the removal of compounds that have an inhibi­
tory effect on glutamine synthetase activity. Upon fractionation with a 
saturated (NH.)2s04 solution, glutamine synthetase activity was found in 
the 50 to 70% saturation precipitate. After dialysis of the dissolved en­
zyme, it was absorbed on a DEAE-cellulose DE52 column (1.4 by 2 cm) and 
eluted with a linear gradient of 200 ml of 0 to 1 M KCl in IMMK buffer. 
The most active fractions were dialyzed and purified further on Affigel 
Blue as described by Lepo et al. (20) . The purification schede is summa­
rized in Table 2. The resulting protein preparation was used for the gene­
ration of antibodies. It showed one protein band after Polyacrylamide gel 
electrophoresis of a 50 pg sample. By using an activity stain for gluta­
mine synthetase, one band with the same electrophoretic mobility was 
found. 
Immunological techniques. Antibodies against glutamine synthetase 
were prepared in white New Zealand rabbits. The first injection contained 
TABLE 1. Strains of P. aeruginosa 
Strain Genotype Comments (reference) 
PA0222 ІІ В/С226 hisII4 lys-12 trp-6 
met-28 proA82 
PAO303 argB18 
PA02175 met-9020 catAl 
PAO4501 met-9020 catAl glnA2001 
PAO4502 met-9020 catAl glnA2002 
PAO4503 met-9020 catAl glnA2003 
PAO4504 met-9020 catAl glnA2004 
PAO4505 met-9020 catAl glnA2005 
PAO4506 met-9020 catAl glnA2006 
PAO4508 met-9020 catAl glnA2008 
PAO4510 ІІ В/С226 hisIV59 lys-12 
PA04516 ІІ В/С226 hisIJ4 lys-12 trp-6 
proA82 
PA04519 ilvB/C226 hisII4 lys-12 
trp-6 
PA04522 met-9020 catAi gln-2020 
gln-2022 
PAO4550 leu-8 glnA2001 
PA04551 glnA2001 
(9) 
(13) 
(23) 
(15) 
(15) 
(15) 
(15) 
(15) 
(15) 
Revertant of PAO4501 
(14) 
Met+ transductant of PA0222 χ 
F116L(PA01) 
(14) 
GlnR phenotype (14) 
(16) 
Arg+ Gin" recombinant of 
PAO4501(R68.45) χ PAO303 
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300 μς of protein in Freund complete adjuvant. Four subsequent injections, 
given at 1-week intervals, contained 150 pg of protein each and were given 
in Freund incomplete adjuvant. One week after the last injection, the ani­
mals were bled and antiserum was prepared. 
Ouchterlony immunodiffusion revealed that the crude serum was not com­
pletely specific for glutamine synthetase. Both the crude serum and con­
trol serum produced a precipitin band with a protein that was immunologi­
cally different from glutamine synthetase. The specificity of the serum 
was improved by treatment with crude extract from strain PA02175 containing 
a low level of glutamine synthetase protein. Therefore, crude serum was 
mixed with extract from PA02175 grown on citrate medium supplemented with 
ammonia and glutamine. After 1 h at 37 C, the precipitate was removed by 
centrifugation, and the resulting specific serum was used for immunologi­
cal experiments. 
The presence of inactive glutamine synthetase protein in extracts from 
TABLE 2. Purification of giutamine synthetase from P. aeruginosa 
.^. ,_. ._ Volume Amount of Activity Spec Activity Yield 
Purification step . ., . . . ,.„ ,„ . . . , (ml) protein (mg) (U) (U/mg protein) (%) 
Crude extract 
Streptomycin 
supernatant 
Heat treatment 
(NH4)2S04 
precipitation 
DEAE-cellulose 
Affigel Blue 
25 
25 
25 
θ 
13 
6 
380 
360 
133 
69 
15 
5.5 
157 
163 
192 
138 
121 
99 
0.41 
0.45 
1.45 
2.0 
8.1 
18 
100 
104 
122 
88 
77 
63 
glutamine synthetase-negative mutants was determined with the quantitative 
inhibition method (4). In this assay, the level of inactive protein in an 
extract can be estimated by measuring the amount of serum neutralized by a 
known quantity of extract. The remaining amount of antibody is quantitated 
by adding known and sufficient amounts of active glutamine synthetase, so 
that an excess is obtained, and by the subsequent determination of residu­
al enzyme activity. The procedure followed was essentially that of Kamins-
kas et al. (18). At the equivalence point, the titer of the serum was 3.5 
U of glutamine synthetase precipitated per ml of antiserum. One unit of 
inactive glutamine synthetase is defined as the amount that inactivates the 
same quantity of serum as does 1 U of enzymatically active glutamine syn­
thetase. 
ResuIts 
Revertants from strain PAO4501. We have previously described 
the isolation of glutamine-requiring mutants of P. aeruginosa 
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(15) . Because the loss of qlutamine synthetase activity in at 
least two of these strains caused altered regulation of the 
synthesis of a number of proteins subject to nitrogen control, 
it was important to determine whether the genetic defect is 
located in the structural gene for glutamine synthetase or in 
some gene with a regulatory function. Therefore, revertants 
were isolated from strain PAO4501 and tested for their regula-
tory properties and thermosensitivity. Of 24 independantly iso-
lated revertants, one strain was able to grow on solid medium 
in the absence of glutamine at 30oC but not at 420C. When the 
medium was supplemented with glutamine, growth occured at both 
temperatures. The temperature-sensitive glutamine auxotrophic 
revertant was designated PAO4508. All revertants isolated 
showed normal derepression of urease on plates with nitrate 
and repression of urease or plates with ammonia as nitrogen 
source, as could be demonstrated with the spot test for urease 
described previously (14). 
Heat lability. The possibility that the temperature sensi-
tivity of strain PAO4508 was due to increased heat lability of 
glutamine synthetase was examined. Crude extracts from PAO4508 
and PA02175 were heated at 620C, and the course of glutamine 
synthetase inactivation was followed (Fig. 1). It appeared 
that glutamine synthetase activity in extracts prepared from 
strain PAO4508 was inactivated much more rapidly than the en-
zyme in extracts from the wild-type strain PA02175. The in-
creased heat lability of glutamine synthetase in strain 
PAO4508 indicates the presence of a mutation in the struc-
tural gene for glutamine synthetase in this strain. Since 
strain PAO4508 was isolated as a revertant from strain PAO4501, 
this result also suggests the presence of a mutation in the 
structural gene for glutamine synthetase in strain PAO4501. 
Genetic mapping of gin mutations. Plasmid R68.45-mediated 
conjugations with multiple marked donor strains were used to 
obtain a map position for the mutation conferring a glutamine 
requirement in strain PAO4501. Initial crosses indicated that 
this locus, glnA2001, is located in the early region of the 
chromosome, somewhere in the 10- to 20-min region. Crosses 
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FIG. 1. Thermolability of glutamine synthetase from strain PAO4508. Cells 
from strain PA02175 (·) and strain PAO4508 (o) were grown in ci trate me­
dium under glutamine limitation, and crude extracts were prepared in IMMK-
buffer. The extracts were treated at 620C, and at different time intervals 
samples were withdrawn, centrifuged,and assayed for residual glutamine 
synthetase activity in the supernatant. The i n i t i a l activit ies of the ex­
tracts were 451 mU/ml (1.5 mg of protein per ml) and 248 mU/ml (1.6 mg 
of protein per ml) for strains PA02175 and PAO4508, respectively. 
between s t r a i n s PA0222(R68.45) and PAO4501 as the a c c e p t o r r e ­
vealed t h a t glnA2001 i s l o c a t e d c l o s e before hisll4 a t 16 min 
(Table 3 ) . Linkage between glnA2001 and hisll4 was 72%, and l i n ­
kage between glnA2001 and lys-12 was 34%. Recombinants wi th t h e 
phenotype Gin His Lys were not found, sugges t ing t h a t four 
c r o s s - o v e r s were r e q u i r e d t o o b t a i n t h e s e s t r a i n s . 
The mutat ion c o n f e r r i n g g lutamine auxotrophy in s t r a i n 
PAO4506, glnA2006, was mapped with s i m i l a r c r o s s e s : PA0222(R68. 
45) χ PAO4506. The r e s u l t s suggested again a map p o s i t i o n c l o s e 
before hisil4. Linkage v a l u e s of glnA2006 and hisli4 were 74 
and 82%, dependent on t h e use of ilvB/C226 o r proAB2, r e s p e c t i ­
v e l y , as t h e c o n t r a s e l e c t i v e marker (Table 3 ) . 
The mutat ion t h a t caused the formation of t h e r m o l a b i l e g l u ­
tamine s y n t h e t a s e in s t r a i n PAO4508 was a l s o l o c a t e d c l o s e t o 
hisll4. S t r a i n PAO4508 could not be used as an a c c e p t o r in ge­
n e t i c exper iments because i t s revers ion' r a t e i s too h i g h . How­
ever , when i t was used as a donor with s t r a i n PA04516 as t h e 
r e c i p i e n t , 84% of t h e His recombinants o b t a i n e d showed t h e r -
mosens i t ive g lutamine auxotrophy (Table 3 ) . 
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TABLE 3. Genetic mapping of glnA 
Cross 
Marker 
selected 
Marker 
contra-
selected 
No. of 
conju-
gants 
scored 
Recombinant 
phenotype 
F r e -
quency 
(%)â 
NO. 
c r o s s -
ove r s 
r e q u i r e d 
PA0222(R68.45) glnA2001 ilvB/C226 210 
χ PAO4501 
PA0222(R68.45) glnA2006 ilvB/C226 131 
χ PAO4506 
PA0222(R68.45) glnA2006 proA82 205 
χ PAO4506 
PAO4508(R68.45) hisII4 met-9020 84 
χ PA04516 
Gin His Lys 
+ - + Gin His_Lys 
Gin His Lys 
Gin His Lys 
Gin His Lys 
Gin His_Lys 
Gin His Lys 
+ + -Gin His Lys 
G l n + H i s + L y s + 
G l n + H i s + L y s " 
Gln+His~Lys~ 
G l n + H i s + L y s " 
H i s + G l n + . 
H i s + G l n T S è. 
28 
38 
34 
0 
26 
39 
35 
0 
18 
43 
39 
0 
16 
84 
a The r e s u l t s sugges t t h e o r d e r glnA hisII4 lys-12 
b TS, t empera tu re s e n s i t i v e 
T r a n s d u c t i o n s . T h e s t r o n g l i n k a g e b e t w e e n glnA2001 a n d 
hisli4 i n c o n j u g a t i o n s s u g g e s t e d t h a t t h e s e m u t a t i o n s c o u l d 
b e c o t r a n s d u c i b l e . T h i s p o s s i b i l i t y w a s t e s t e d w i t h t h e g e n e -
r a l i z e d t r a n s d u c i n g p h a g e F 1 1 6 L . B e c a u s e F 1 1 6 L i s n o t a b l e t o 
e f f e c t i v e l y p r o p a g a t e o n o r t r a n s d u c e s t r a i n PA02175 a n d i t s 
d e r i v a t i v e s , r e c o m b i n a n t s h a v i n g t h e glnA2001 m u t a t i o n i n a n -
o t h e r g e n e t i c b a c k g r o u n d w e r e u s e d a s r e c i p i e n t s . C o t r a n s d u c -
t i o n v a l u e s o f hisil4 w i t h glnA2001 o f 15 a n d 18% w e r e o b t a i -
n e d w i t h s t r a i n s PAO4550 a n d P A 0 4 5 5 1 , r e s p e c t i v e l y , a s t h e r e -
c i p i e n t s ( T a b l e 4 ) . T h e l i n k a g e o f t h e s e m a r k e r s w a s a l s o t e s -
t e d w i t h p h a g e G I O Ì , w h i c h c a n g r o w o n a n d t r a n s d u c e s t r a i n 
P A 0 2 1 7 5 - d e r i v e d s t r a i n s . A v a l u e o f 6% c o t r a n s d u c t i o n w a s o b -
t a i n e d w i t h s t r a i n PAO4501 a s t h e r e c i p i e n t ( T a b l e 4 ) . 
R e c e n t l y , we d e s c r i b e d t h e p r e s e n c e o f a s u p p r e s s o r m u t a -
t i o n , gln-2022, t h a t r e l i e v e s t h e i n a b i l i t y o f c e r t a i n r e g u -
l a t o r y m u t a n t s f r o m s t r a i n PA02175 t o d e r e p r e s s some e n z y m e s 
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TABLE 4. Transduction of gin mutations 
Phage 
. . ι No. of „, , Fre-
. . Marker . . . Phenotype of Recipient , . . transductants ^ , ^ ^ quency 
selected transductants ,
ολ scored (%) 
Р11бЬ(РА0222) PAO4550 glnA2001+ 121 
Р116Ь(РА0222) PA04551 glnA2001+ 191 
G101(PAO4519) PAO4501 glnA2001* 111 
G101(PAO4522) PAO4501 glnA2001+ 235 
G101(PAO4522) PAO4506 glnA2006+ 194 
G101(PAO4522) PA04519 hisII4+ 190 
Gln+His+ 
Gln+His~ 
Gln+His+ 
Gln+His+ 
Gln+His+ 
Gln+His-
Gln+GlnR+ 
Gln+GlnRc 
Gln+GlnR+ 
Gln+GlnRc 
His+GlnR+ 
His+GlnRc 
85 
15 
82 
18 
94 
6 
1 
99 
5 
95 
91 
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subject to nitrogen control (14). This suppressor mutation 
caused high-level synthesis of urease and glutamine synthe­
tase, even when excess ammonia was present in the growth me­
dium. Mapping experiments demonstrated that it was located 
close before hisii4, just as the glnA2001 locus described here 
(14). When the cotransduction of gln-2022 with glnA2001 and 
glnA2006 was tested with phage GIOÌ, the results showed 99 and 
95% linkage of these markers, respectively (Table 4). Also, 
gln-2022 and hisii4 appeared to be cotransducible (Table 4). 
Previously, six independant glutamine auxotrophs were 
obtained (15). Five of these strains did not form detectable 
glutamine synthetase activity, whereas one strain, PAO4505, 
formed a low amount of glutamine synthetase and appeared to 
be leaky on rich medium (15). On the basis of transductional 
analysis, all gin mutations were very closely linked on the 
chromosome. Gln+ transductants were not found in crosses when 
one of the Gin strains was used as the recipient and phage 
G101 grown on a Gin- mutant was used as ti\e transducing agent. 
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The phage preparations used were able to produce His transduc-
tants with strain PAO4510 as the recipient. Furthermore, phage 
GIOÌ grown on strain PA02175 yielded Gln+ transductants when 
the Gin strains were used as recipients. 
Glutamine requirement. When amino acid auxotrophic mutants 
of P.aeruginosa are grown in liquid cultures, high amounts of 
the respective amino acids are often required because the sup-
plied compound is used for catabolic reactions rather than 
only for the fulfillment of the auxotrophic requirement. This 
was also the case with our glutamine auxotrophs. All five tight 
auxotrophs isolated previously required high amounts of gluta-
mine when grown in batch culture. However, one strain, PAO4506, 
required even higher quantities of glutamine than the other 
mutants. With 0.2% glutamine in citrate-anmonia medium, the 
final densities of 0.14 and 0.6 mg (dry weight) per ml were 
obtained for strain PAO4506 and the other mutants, respectively 
(16). Conjugational crosses with strain PAO4501 as the donor 
strain invariably produced glutamine auxotrophic recombinants 
with the higher glutamine requirement, just as was found when 
strain PAO4506 was used as the donor (data not shown). It 
follows that strain PAO4501 must have a second lesion that re-
duces glutamine conversion and saves more of the amino acid 
for use as a growth factor. 
It was attempted to correlate the difference in glutamine 
requirement with glutaminase activities. In extracts from 
cells grown on citrate-ammonia medium supplemented with ex-
cess glutamine, the glutamine activities were 220 and 70 mU/mg 
of protein for strains PAO4506 and PAO4501, respectively. 
We have not yet been able to obtain a map position for 
the mutation that reduces the glutaminase activity. Its pheno-
type is clear only in a glutamine synthetase-negative back-
ground, where it can be tested by its effect on growth yield. 
Results from conjugations of strain PAO4501(R68.45) with 
strain PA0222 as the recipient indicate that the mutation is 
not located between ilvB/c at 7 min and proA at 42 min. All 
recombinants, also from repeated crosses in which the whole 
region between ilvB/C and proA was transferred, showed the 
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TABLE 5. Formation of inactive glutamina synthetase. 
Enzyme level (ml)/mg) 
S t r a i n Growth medium I n a c t i v e g lu tamine 
s y n t h e t a s e 
Urease 
PAO4501 
PAO4501 
PAO4501 
PAO4502 
PAO4503 
PAO4504 
PAO4506 
G i n ! 
Amm + 
Airan + 
Airan + 
Airan + 
Amm + 
Amm + 
Glu + 
G l n e 
Glu + 
Glu + 
Glu + 
G i n -
Gin, 
Gin 
Gin} 
Gin! 
250 
530 
44 
16B 
990 
865 
310 
2,100 
4,100 
100 
480 
3,400 
3,600 
3,400 
The growth medium con t a ined 1% t r i s o d i u m c i t r a t e . 2 H 2 O as a carbon 
source and a n i t r o g e n source a s i n d i c a t e d . Gln^, g lu tamine added a t a 
g r o w t h - l i m i t i n g r a t e ; Airan, 0.2% (N114)2304; Glu, 0.2% g lu tamate 
G l n e , 1% g l u t a m i n e . 
b The l e v e l s of i n a c t i v e g lu tamine s y n t h e t a s e and u r e a s e a r e 
expressed in mU/mg of p r o t e i n (see t e x t ) . Crude e x t r a c t from the p a r e n t 
s t r a i n PA02175 grown under g lu tamine l i m i t a t i o n con ta ined 120 mU of g l u -
tamine s y n t h e t a s e and 2,200 mU of u r e a s e per mg of p r o t e i n . 
h i g h g l u t a m i n e r e q u i r e m e n t . 
.Regu la t ion of inactive glutamine synthetase. I t was n o t 
known w h e t h e r t h e f i v e m u t a n t s t h a t c o n t a i n no d e t e c t a b l e g l u -
t a m i n e s y n t h e t a s e a c t i v i t y p r o d u c e an i n a c t i v e g l u t a m i n e s y n -
t h e t a s e p r o t e i n . T h i s q u e s t i o n was r e l e v a n t b e c a u s e t h e p r e -
s e n c e of an i n a c t i v e p r o t e i n would s u g g e s t t h a t g l u t a m i n e s y n -
t h e t a s e s t r u c t u r e r a t h e r t h a n f o r m a t i o n i s a f f e c t e d i n t h e 
m u t a n t s . F u r t h e r m o r e , we wan ted t o i n v e s t i g a t e t h e r e g u l a t i o n 
of t h e i n a c t i v e p r o t e i n , i f i t was fo rmed . 
With a n t i s e r u m a g a i n s t p u r i f i e d g l u t a m i n e s y n t h e t a s e , i t 
was p o s s i b l e t o d e m o n s t r a t e t h e p r e s e n c e of i n a c t i v e g l u t a m i n e 
s y n t h e t a s e p r o t e i n i n e x t r a c t s from a l l m u t a n t s t e s t e d 
(Tab le 5 ) . The i n a c t i v e enzyme was p r e s e n t a t even h i g h e r 
amounts t h a n t h e enzyme i n t h e w i l d - t y p e s t r a i n , when c e l l s 
were c u l t i v a t e d u n d e r g l u t a m i n e l i m i t a t i o n . The r e s u l t s o b -
t a i n e d w i t h s t r a i n PAO4501 i n d i c a t e d t h a t t h e f o r m a t i o n of i n -
a c t i v e g l u t a m i n e s y n t h e t a s e was o n l y r e p r e s s e d when t h e c e l l s 
were c u l t i v a t e d w i t h e x c e s s g l u t a m i n e . I n t h i s r e s p e c t , t h e 
f o r m a t i o n of i n a c t i v e g l u t a m i n e s y n t h e t a s e i s regulated s i m i l a r 
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to urease. Both proteins are no longer repressed by ammonia 
and glutamate but only by excess glutamine in strain PAO4501 
(15, Table 15). In strain PAO4506, the inactive protein and 
urease were repressed during growth in the presence of excess 
glutamine. 
Discussion 
The results presented in this paper indicate that five 
glutamine-requiring mutants isolated previously (15) have a 
defect in glnA, the structural gene for glutamine synthetase. 
The formation of thermolabile glutamine synthetase by a rever-
tant from strain PAO4501 and the synthesis of inactive gluta­
mine synthetase by the mutants provide strong evidence for a 
defect in glutamine synthetase structure rather than regula­
tion. Transductional analysis showed that all mutations are 
O'-r FP2 
5'-
10'-
15·-
- pro В 
ilvB/C 
c a r - 9 
- hislï 
:
 his Π 
FIG. 2 . G e n e t i c map of P. aerugrinosa 
РАО ( 1 2 , 3 0 ) . The mutations proA82 and 
met-9020 are located at 40 min and at 
about 60 min, r e s p e c t i v e l y . 
gin-2020 
/gin-2022 
' \ g l n A 
2 0 ' - - lys-12 
arg В 
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strongly linked. A chromosomal location for glnA was obtained 
by R68.45-mediated conjugations. Three factor crosses indica-
ted that glnA was close before hisli4 at 16 min, and linkage 
to this marker was confirmed by transductions with phages 
GIOÌ and F116L (Fig. 2) 
Previously, gln-2022, a suppressor mutation that affects 
nitrogen regulation, was mapped in the same region (14). This 
mutation suppressed the gln-2020 mutation, which caused a loss 
of the ability to derepress urease and glutamine synthetase 
and NADP-dependent glutamate dehydrogenase synthesis during 
nitrogen-limited growth. The strong transductional linkage 
found here shows that gln-2022 and glnA are located very close 
to each other on the chromosome. Conceivably, gln-2020 and 
gln-2022 are in regulatory genes, with functions similar to 
the enteric bacterial glnF and glnG (or glnR), respectively. 
Mutations in glnG could be isolated as suppressors of glnF 
(19 ,24), a gene whose function is required for proper nitro-
gen control (7,8). The glnG gene is located close to the struc-
tural gene for glutamine synthetase (19,26) just as gln-2022. 
Probably the gln-2022 mutation is not located in the struc-
tural gene for glutamine synthetase. Strain PA04522 showed 
thermosensitive growth with a number of poor nitrogen sources 
e.g. nitrate, but not with ammonia, and we were not able to 
detect increased thermolability of glutamine synthetase. Fine 
structure analysis and physical mapping will be required for 
the establishment of the precise location of the mutations and 
of gene orders. 
The best characterized glutamine synthetase-negative 
strains PAO4501 and PAO4506 have different regulatory proper-
ties. In PAO4501, derepression of a number of enzymes subject 
to nitrogen control e.g. urease, histidase (15) and amidase 
(16) occured during glutamine limitation, but not during growth 
with excess glutamine. Derepression of NADP-dependent gluta-
mate dehydrogenase occured only under glutamine-excess condi-
tions (15). In PAO4506 proteins subject to nitrogen control 
were always present at high levels, even during growth with ex-
cess glutamine, and NADP-dependent glutamate dehydrogenase was 
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always low (15). The synthesis of the inactive glutamine syn­
thetase protein in the glutamine-requiring mutants was found to 
be regulated in a way similar to urease formation (Table 5)· 
In strain PAO4501, repression occured only during growth with 
excess glutamine while in strain PAO4506 both urease and in­
active glutamine synthetase levels remained high when the 
medium contained excess glutamine. 
In strain PAO4506, glutamine was found to be subject to 
rapid degradation and this way believed to explain the regula­
tory properties (15). The difference between PAO4501 and 
PAO4506 was not due to a different genetic basis for glutamine 
requirement or loss of glutamine synthetase activity. The mu­
tations in both strains were found to map in the same chromo­
somal region (Table 3), and transductional analysis showed 
that glnA2001 and glnA2006 are very close. Strain PAO4501 
was found to contain an additional mutation that reduces glu­
tamine requirement and alters the regulatory properties. When 
glnA2001 was transferred to an other genetic background, the 
resulting Gin" strains showed regulatory properties similar 
to PAO4506 (data not shown) and a high glutamine requirement. 
The additional mutation in PAO4501 seems to reduce glutamine 
requirement by reducing glutaminase activity. Strain PAO4506 
showed three to four-fold higher glutaminase activities than 
PAO4501. It remains to be established how glutaminase activi­
ty is affected and where the mutation responsible is located 
on the genetic map. 
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Abstract 
The formation of the allantoin-degrading enzymes allanto-
inase, allantoicase and ureidoglycolase was studied in Pseu-
domonas aeruginosa. The enzymes were found to be regulated by 
induction, catabolite repression and nitrogen control. Induc-
tion was observed when urate, allantoin or allantoate were in-
cluded in the growth medium, but not with ureidoglycolate. Tri-
carboxylic acid cycle intermediates exerted catabolite repres-
sion of the synthesis of the three enzymes, while pyruvate and 
glucose caused less repression. The operation of a nitrogen 
control mechanism in the regulation of the allantoin-degrading 
enzymes could be demonstrated with glutamine synthetase-nega-
tive mutants, which showed elevated synthesis and escape from 
catabolite repression when growth was limited for glutamine. 
Introduction 
The degradation of allantoin to glyoxylate and urea in 
Pseudomonas aeruginosa involves three steps (Vogels and van 
der Drift, 1976). Allantoinase hydrolyses S-allantoin to allan-
toate, which is further degraded by allantoicase to urea and 
S-ureidoglycolate. The latter compound is converted to urea 
and glyoxylate by ureidoglycolase. Conversion of urea to 
ammonia proceeds by the action of urease. 
The catalytic properties of the enzymes involved in the 
degradation of allantoin were described by Trijbels and Vogels 
(1966, 1967). Matsumoto et al. (1978) studied the genetic or-
ganization of enzymes of the purine degradation pathway and 
demonstrated the presence of a cluster of genes encoding xan-
thine dehydrogenase, uricase and allantoinase, whereas the gene 
for allantoicase was mapped in the same region of the chromo-
some but not closely linked. There is not much information 
available about the regulation of the synthesis of these en-
zymes. Allantoinase and allantoicase are known to be inducible 
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enzymes ( R i j n i e r s e e t a l . , 1 9 7 7 ) , b u t n o t h i n g i s known a b o u t 
c a t a b o l i t e r e p r e s s i o n and t h e r o l e of n i t r o g e n m e t a b o l i s m i n 
t h e r e g u l a t i o n of t h e e n z y m e s . 
Enzymes t h a t a r e s u p e r f l u o u s o r of l e s s i m p o r t a n c e f o r 
g r o w t h u n d e r c o n d i t i o n s of ammonia e x c e s s , a r e o f t e n s u b j e c t 
t o n i t r o g e n c o n t r o l ( T y l e r , 1 9 7 8 ) . I n P. a e r u g i n o s a , i t was 
shown t h a t g l u t a m i n e o r some compound d e r i v e d from i t was t h e 
m e t a b o l i c e f f e c t o r of t h i s r e g u l a t i o n by t h e a v a i l a b i l i t y of 
ammonia, s i n c e m u t a n t s l a c k i n g g l u t a m i n e s y n t h e t a s e a c t i v i t y 
showed e l e v a t e d s y n t h e s i s of some enzymes i n t h e p r e s e n c e of 
e x c e s s ammonia o r g l u t a m a t e , a s l o n g a s g r o w t h was l i m i t e d by 
g l u t a m i n e ( J a n s s e n e t a l . , 1 9 8 1 ) . The r e s u l t s p r e s e n t e d h e r e 
d e m o n s t r a t e t h a t a l l a n t o i n a s e , a l l a n t o i c a s e and u r e i d o g l y c o -
l a s e from P. aeruginosa a r e s u b j e c t t o c a t a b o l i t e r e p r e s s i o n 
and a r e f u r t h e r r e g u l a t e d by t h e same n i t r o g e n c o n t r o l mecha­
nism a s some o t h e r enzymes i n v o l v e d i n n i t r o g e n m e t a b o l i s m . 
M a t e r i a i s and Methods 
Organisms. The b a c t e r i a l s t r a i n s used were der ivat ives of Pseudomonas 
aeruginosa PA01 of Dr. B. Holloway. Stra in PA02175 (Matsumoto e t a l . , 1978) 
was used as the wild-type. The glutamine synthetase-negative mutants 
PAO4501 and PAO4506 were described before (Janssen e t a l . , 1981, 1982a; 
1982b). 
Growth conditions. For most experiments, c e l l s were grown in batch 
c u l t u r e s , which were inoculated with a washed and di luted suspension of 
c e l l s pregrown on n u t r i e n t broth plus glutamine. The c e l l s were cul t ivated 
aerobical ly at 370C. Glutamine-limitation was achieved by slowly feeding 
glutamine at a growth-limiting rate (Janssen et a l . , 1981). Cultures were 
harvested a t an o p t i c a l density at 600 nm of 0.3-0.5. 
Cell-free extracts. Cel ls were col lected by centr i fugat ion, washed, 
and disrupted by u l t rasonic treatment. After centri fugation for 30 min at 
45,000 χ g and 40C, a crude extract was obtained. The ex t rac t s were pre­
pared in 10 mM Tris-HCl buffer, pH 7.5, containing 100 mM KCl and 1 mM 
МпЗОл for a l lanto icase and ureidoglycolase determinations. The other en­
zymes, except glutamine synthetase, were measured with e x t r a c t s prepared in 
40 mM Na2HP04 - KH2PO4 buffer, pH 7.0, containing 1 mM p-mercaptoethanol. 
Enzyme assays. Allantoinase was measured at 30oC by following the pro­
duction of a l l a n t o a t e in a mixture containing 0.2 ml di luted crude extract 
and 1 ml 50 mM a l lanto in in 150 mM triethanolamine-HCl buffer, pH 8.4. 
The a l l a n t o a t e formed was estimated according to the d i f f e r e n t i a l glyoxy-
l a t e analyses (Vogels and van der Dr i f t , 1970) . 
Allantoicase a c t i v i t i e s were determined a t 30oC in an incubation mix­
ture containing 0.2 ml enzyme and 1 ml 100 mM a l l a n t o a t e in 150 mM t r i ­
ethanolamine-HCl buffer, pH 7.8, containing 1 mM MnS04. The production of 
ureidoglycolate was followed (Vogels and van der Dr i f t , 1970). 
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Ureidoglycolase catalyzes the conversion of (S)-ureidoglycolate to gly-
oxylate and urea. In the presence of Mn^+, the enzyme is heat-labile, in 
contrast to allantoicase, that is stable up to 750C. Allantoicase converts 
(R)-ureidoglycolate to glyoxylate and urea (Trijbels and Vogels, 1967). 
Therefore, the activity of (S)-ureidoglycolase was estimated as the dif-
ference between (R,S)-ureidoglycolase activity before and after heat treat-
ment of extracts for 10 min at 730C in 10 mM Tris-HCl buffer, pH 7.5, con-
taining 100 mM KCl and 1 mM MnS04. The (R,S)-ureidoglycolase activities of 
untreated and heat-treated extracts were measured at 30oC in an incubation 
mixture containing 0.2 ml enzyme and 3 0 mM (R,S)-ureidoglycolate in 150 
mM triethanolamine-HCl buffer, pH 7.5, containing 1 mM MnSO.. Glyoxylate 
production was followed as described (Vogels and van der Drift, 1970). 
Glutamine synthetase activities were measured in whole cells, treated 
with cetyltrimethylanunonium bromide as described before (Janssen et al., 
1980). Activities were determined with the transferase assay at pH 7.9 
and 30oC (Janssen et al., 1980, 1981). 
NADP-dependent glutamate dehydrogenase was estimated by following the 
rate of NADPH oxidation spectrophotometrically at 340 nm (Meers et al., 
1970) . 
Urease was measured by following ammonia production from urea as des-
cribed earlier (Janssen et al., 1980). 
Protein determinations were carried out according to Lowry et al. 
(1951) with bovine serum albumin as the standard. 
One unit of enzyme is defined as the activity that forms 1 junol of pro-
duct per min under the incubation conditions used. Specific activities are 
expressed in mU/mg protein or, for glutamine synthetase activities, in 
mil/mg dry weight. 
Results 
Induction. A number of compounds that are able to stimulate 
the formation of allantoinase and alllantoicase in Pseudomonas 
aeruginosa have been described (Rijnierse et al., 1977) With 
strain PA02175, it appeared that allantoinase, allantoicase and 
ureidoglycolase were induced when urate, allantoin or allanto-
ate were added to the growth medium (Table 1). Ureidoglycolate 
did not significantly induce the formation of these enzymes. 
Catabolite repression. Several compounds were tested for 
their ability to repress the synthesis of allantoinase, allan-
toicase and ureidoglycolase (Table 2). The strongest repression 
was observed when a mixture of casamino acids was added to the 
growth medium. Strong repression was also found with tricarbox-
ylic acid cycle intermediates, especially with succinate. To 
a lower extent, also glucose, pyruvate and the amino acids 
glutamate and glutamine caused repression when they were in-
cluded in the growth medium. 
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TABLE 1. Induction of allantoin-degrading enzymes in Pseudomonas aeruginosa 
strain PA02175 
Inducer 
Enzyme activities (mU/mg protein) 
Allantoinase Allantoicase Ureidoglycolase 
None 
Urate 
Allantoin 
Allantoate 
Ureidoglycolate 
50 
4520 
3000 
310 
100 
180 
14700 
10800 
3300 
210 
50 
340 
400 
210 
20 
P r e c u l t u r e s on glucose-ammonia medium were d i l u t e d t o an o p t i c a l d e n s i t y 
a t 600 nm of 0.02 in f r e sh medium c o n t a i n i n g 0.5% g l u c o s e , 0.2% 
(NH4)2S04 and 5 mM of the inducer i n d i c a t e d . Af ter growth t o an o p t i c a l 
d e n s i t y a t 600 nm of 0 . 5 , t he c e l l s were h a rv e s t ed and enzyme l e v e l s 
were de t e rmined . 
Nitrogen assimilation during growth with allantoin. Dur ing 
g rowth w i t h a l l a n t o i n , t h e c e l l u l a r l e v e l of a l l a n t o i n a s e was 
o n l y s l i g h t l y h i g h e r i n t h e p r e s e n c e of an a d d i t i o n a l c a r b o n 
TABLE 2 . Catabolite repression of allantoin-degrading 
enzymes in strain PA02175 
Carbon source added 
Enzyme a c t i v i t i e s (mU/mg p r o t e i n ) 
A l l a n t o i n a s e A l l a n t o i c a s e Ure idog lyco la se 
None 
Glucose 
Pyruva te 
C i t r a t e 
S u c c i n a t e 
Malate 
Fumarate 
Glutamate 
Glutamine 
Casamino a c i d s 
5700 
3100 
2400 
890 
310 
370 
420 
1890 
3100 
152 
15000 
4200 
4000 
2500 
1400 
1600 
1800 
4500 
8000 
150 
600 
500 
490 
250 
100 
60 
120 
250 
540 
10 
Precultures were diluted in fresh minimal medium containing 1% allantoin, 
0.2% (NH4)2S04 and 1% of the carbon source indicated. After growth the 
enzyme levels were determined. 
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TABLE 3 . Nitrogen assimilation in strain PA02175 
during growth with allantoin 
Enzyme a c t i v i t i e s (mU/mg) 
Growth medium Generation time (min) 
60 
75 
52 
52 
49 
GS 
β 
23 
10 
29 
23 
NADP-
GDH 
148 
70 
110 
70 
170 
GOGAT 
40 
45 
30 
48 
25 
urease 
240 
280 
30 
400 
100 
Allan-
toinase 
6100 
2000 
1000 
1030 
300 
a l l 
a l l + c i t 
a l l + c i t + amm 
a l l + sue 
a l l + sue + amm 
a l l + c i t + amm + c a s 41 5 1 12 26 150 
c i t + n i t 81 330 11 27 1890 - ύ 
P r e c u l t u r e s were d i l u t e d in medium c o n t a i n i n g t h e a d d i t i o n s i n d i c a t e d . 
After o v e r n i g h t growth, t h e g e n e r a t i o n t ime was determined and t h e c u l ­
t u r e s were used for t h e d e t e r m i n a t i o n of enzyme a c t i v i t i e s , a l l = 1% 
a l l a n t o i n ; c i t = 1% t r i s o d i u m c i t r a t e . 2 H 2 0 ; amm = 0.2% (NHjj^SC^; sue = 
1% s o d i u m s u c c i n a t e ; c a s = 0.2% casamino a c i d s ; n i t = 0.2% KNO3. 
Glutamine s y n t h e t a s e (GS) a c t i v i t i e s a r e g iven in mU/mg dry w e i g h t , 
NADP-dependent g l u t a m a t e dehydrogenase (NADP-GDH), g l u t a m a t e s y n t h a s e 
(GOGAT), u r e a s e and a l l a n t o i n a s e in mU/mg p r o t e i n . 
- , n o t d e t e r m i n e d . 
s o u r c e a l o n e , t h a n i n t h e p r e s e n c e o f b o t h a c a r b o n a n d a g o o d 
n i t r o g e n s o u r c e ( T a b l e 3 ) . T h u s , i t i s n o t p o s s i b l e t o c o n c l u d e 
u n e q u i v o c a l l y f r o m t h e s e d a t a t h a t a l l a n t o i n a s e s y n t h e s i s i s 
s u b j e c t t o n i t r o g e n c o n t r o l . N i t r o g e n l i m i t a t i o n i n t h e a b s e n c e 
o f a m m o n i a w a s n o t s e v e r e , a s w a s s h o w n b y g r o w t h r a t e s . C o n ­
s e q u e n t l y , u n d e r t h e s e c o n d i t i o n s u r e a s e a n d g l u t a m i n e s y n t h e ­
t a s e w e r e n o t s t r o n g l y e l e v a t e d a n d N A D P - d e p e n d e n t g l u t a m a t e 
d e h y d r o g e n a s e w a s n o t r e p r e s s e d , a s c o m p a r e d t o c u l t i v a t i o n 
w i t h n i t r a t e a s s o l e n i t r o g e n s o u r c e . 
Nitrogen control. I n t h e g l u t a m i n e s y n t h e t a s e n e g a t i v e m u ­
t a n t PAO4506 ( J a n s s e n e t a l . , 1 9 8 1 , 1 9 8 2 b ) , t h e f o r m a t i o n o f 
a l l a n t o i n a s e , a l l a n t o i c a s e a n d u r e i d o g l y c o l a s e w a s d e r e p r e s s e d , 
e v e n w h e n t h e m e d i u m c o n t a i n e d e x c e s s c i t r a t e , a m m o n i a a n d g l u ­
t a m i n e ( T a b l e 4 ) . T h e l o s s o f g l u t a m i n e s y n t h e t a s e a c t i v i t y , 
t o g e t h e r w i t h t h e r a p i d c o n v e r s i o n o f g l u t a m i n e i n t h i s s t r a i n 
( J a n s s e n e t a l . , 1 9 8 1 , 1 9 8 2 b ) , a l s o c a u s e d d e r e p r e s s e d u r e a s e 
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TABLE 4. A c t i v i t i e s of allantoin-degrading enzymes 
in glutamine synthetase-negative mutants 
Strain 
PAO4501 
PAO4501 
PAO4501 
PAO4506 
PAO4506 
Growth 
medium a 
all + gln-L 
all + cit + 
amm + gln^ 
all + cit + 
amm + gln
e 
all + gln-L 
all + cit + 
amm + gln
e 
GS 
0 
0 
0 
0 
0 
NADP-
GDH 
0 
0 
31 
0 
1 
Enгуте 
allan-
toinase 
3500 
5700 
190 
4800 
3600 
activities 
allan-
toicase 
21000 
18000 
600 
17300 
10200 
(mU/mg) b 
ureido-
glycolase 
740 
990 
120 
800 
700 
3200 
4300 
70 
2400 
3000 
The growth medium was minimal medium with the addit ions indicated: a l l = 
1% a l l a n t o i n ; gln^.= glutamine added at a growth-limiting r a t e ; c i t = 
1% trisodiumcitrate.2H20; amm = 0.2% (NH4)2S04; g l n e = 1% glutamine for 
s t r a i n PAO4506 and 0.2 % glutamine for s t r a i n PAO4501. 
Glutamine synthetase (GS) i s given in mU/mg dry weight, NADP-dependent 
glutamate dehydrogenase (NADP-GDH) and the other enzymes are given in 
mU/mg p r o t e i n . 
s y n t h e s i s and r e p r e s s e d NADP-dependent g l u t a m a t e d e h y d r o g e n a s e 
f o r m a t i o n . 
I n t h e m u t a n t w i t h r e d u c e d g l u t a m i n e c o n v e r s i o n , PAO4501 
( J a n s s e n e t a l . , 1 9 8 2 b ) , t h e t h r e e enzymes of a l l a n t o i n d e g r a ­
d a t i o n w e r e p r e s e n t a t a d e r e p r e s s e d l e v e l when g r o w t h was l i ­
m i t e d f o r g l u t a m i n e , e v e n i n t h e p r e s e n c e of e x c e s s c i t r a t e 
and ammonia ( T a b l e 4 ) . I n t h e p r e s e n c e of e x c e s s g l u t a m i n e , 
r e p r e s s i o n of t h e s e enzymes and u r e a s e was o b s e r v e d . NADP-de­
p e n d e n t g l u t a m a t e d e h y d r o g e n a s e l e v e l s were e l e v a t e d when t h e 
medium c o n t a i n e d e x c e s s g l u t a m i n e . 
D i s c u s s i o n 
The d a t a p r e s e n t e d h e r e i n d i c a t e t h a t t h e enzymes t h a t a r e 
r e s p o n s i b l e f o r t h e d e g r a d a t i o n of a l l a n t o i n t o g l y o x y l a t e and 
u r e a i n Pseudomonas aeruginosa a r e r e g u l a t e d by i n d u c t i o n , 
c a t a b o l i t e r e p r e s s i o n and n i t r o g e n c o n t r o l . As d e s c r i b e d b e f o r e , 
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allantoinase, allantoicase, and also ureidoglycolase were found 
to be induced by intermediates of purine catabolism, viz. urate, 
alJantoin and, to a lesser extent, also allantoate. Ureidogly-
colate did not cause induction of the enzymes. 
The strongest catabolite repression of allantoin-degrading 
enzymes was observed, besides with casamino acids, with tri-
carboxylic acid cycle intermediates, such as citrate, malate 
and succinate. The same was found for the enzymes of histidine 
degradation (Lessie and Neidhardt, 1967) and for amidase for-
mation (Brammar and Clarke, 1964). With chemostat cultures, 
citrate was found to be the preferred carbon source when com-
pared to glucose (Ng and Dawes, 1973). 
The catabolite repression of allantoinase synthesis was 
only partially relieved when ammonia was omitted from the 
growth medium, and allantoin was the sole nitrogen source. 
Apparently, extensive derepression was not required for the 
utilization of allantoin as a nitrogen source, since catabo-
lite repression is far from complete. 
Nitrogen control of the enzymes of the allantoin catabo-
lism was evident from data obtained with glutamine synthetase-
negative mutants. In these strains, the synthesis of allanto-
inase, allantoicase, and ureidoglycolase was strongly dere-
pressed during glutamine-limited growth, while repression was 
observed when growth was not limited for glutamine. Previously, 
glutamine was found to play a role in the regulation of urea-
se, histidase, NADP-dependent glutamate dehydrogenase, amidase 
and the inactive glutamine synthetase protein that is formed 
in the mutants (Janssen et al., 1981; 1982a; 1982b). To our 
knowledge, this is the first report of nitrogen control of 
enzymes involved in purine degradation in bacteria. Only for 
Neurospora crassa (Reinert and Marzluf, 1975) and Saccharomyces 
cerevisiae (Bossinger et al., 1974), proteins involved in 
the degradation of purines are reported to be regulated by 
nitrogeneous compounds. Our glutamine synthetase-negative 
mutants allow the detection of the involvement of nitrogen 
control in enzyme regulation, which may be troublesome in the 
wild type strain when catabolite repression or nitrogen 
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l i m i t a t i o n a r e n o t s e v e r e . 
A l t h o u g h t h e r e g u l a t i o n of t h e enzymes i s s i m i l a r , t h e 
g e n e s f o r a l l a n t o i n a s e , a l l a n t o i c a s e and u r e i d o g l y c o l a s e a p ­
p e a r t o be n o t l o c a t e d i n t h e same o p e r o n . T h e r e was no s t r i c t 
c o r r e l a t i o n b e t w e e n t h e l e v e l s of t h e enzymes u n d e r d i f f e r e n t 
g r o w t h c o n d i t i o n s ( T a b l e 2 ) , and g e n e t i c a n a l y s i s (Matsumoto 
e t a l · , 1978) showed t h a t t h e g e n e s f o r a l l a n t o i n a s e and a l ­
l a n t o i c a s e a r e n o t c l o s e l y l i n k e d on t h e chromosome. 
R e c e n t l y , we i d e n t i f i e d r e g u l a t o r y g e n e s t h a t a r e i n v o l v e d 
i n t h e n i t r o g e n c o n t r o l of NADP-dependent g l u t a m a t e d e h y d r o ­
g e n a s e , g l u t a m i n e s y n t h e t a s e and u r e a s e ( J a n s s e n e t a l . , 
1982 с ) . I t r e m a i n s t o be e s t a b l i s h e d w h e t h e r t h e s e g e n e s a l ­
so p l a y a r o l e i n t h e r e g u l a t i o n of e x p r e s s i o n of t h e d i f ­
f e r e n t g e n e s e n c o d i n g a l l a n t o i n - d e g r a d i n g e n z y m e s . S i n c e r e ­
p r e s s i o n by c i t r a t e was n o t v e r y e x t e n s i v e ( T a b l e 4 ) , i t may 
be n e c e s s a r y t o d e v e l o p s t r a i n s o r g r o w t h c o n d i t i o n s t h a t l e a d 
t o i n c r e a s e d c a t a b o l i t e r e p r e s s i o n of t h e enzymes i n o r d e r t o 
t e s t t h i s h y p o t h e s i s . 
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ALLANTOINASE FROM PSEUDOMONAS AERUGINOSA: PURIFICATION, 
PROPERTIES AND IMMUNOCHEMICAL CHARACTERIZATION OF ITS 
IN VIVO INACTIVATION 
5илшагу 
The catabolic enzyme allantoinase is rapidly inactivated 
in cells of Pseudomonas aeruginosa when the stationary phase of 
growth is reached. This proces is irreversible since the pro­
tein synthesis inhibitor chloramphenicol completely blocked the 
reappearance of allantoinase activity that is observed when 
allantoin is added to stationary cells. 
Purified allantoinase appeared to be a protein composed 
of four identical subunits with a molecular weight of 38,000 
daltons. With antibodies raised against purified allantoinase 
it was found that allantoinase inactivation is accompanied by 
a parallel decrease in immunologically reactive material. This 
suggests that allantoinase inactivation is caused or followed 
by rapid proteolysis. 
Introduction 
Allantoinase (allantoin amidohydrolase, EC 3.5.2.5) 
catalyses the hydrolysis of the purine catabolism intermediate 
allantoin to allantoic acid. In Pseudomonas aeruginosa, an 
organism able to use allantoin as energy, carbon and nitrogen 
source, the formation of allantoinase is induced in the pre­
sence of allantoin, allantoate, or some of their structural 
analogues in the growth medium (1). The cellular level of 
allantoinase is further regulated by catabolite repression and 
nitrogen control ( Janssen et al., manuscript in preparation), 
and by rapid inactivation, which occurs in induced cells upon 
carbon starvation (2). 
Earlier results suggested the presence of a low molecular 
weight inhibitor as the cause of allantoinase inactivation (3). 
However, the yields with which this presumptive inhibitor 
could be isolated were irreproducable and always far too low 
to account quantitatively for the inactivation observed 
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(Janssen, unpublished results). This raised doubt about the 
physiological significance of the proposed inhibitor and there­
fore we decided to follow an immunological approach to this 
problem. Our results demonstrate that the loss of enzyme acti­
vity during the in vivo inactivation is accompanied by a de­
crease in cross-reactive material. This suggests that allanto-
inase is subject to proteolytic degradation during carbon 
starvation (4-6). 
Materials and Methods 
Organism and growth conditions. Pseudomonas aeruginosa 
strain V3003 was used in all experiments. Allantoin medium 
contained per 1: 10 g allantoin, 4.3. g Na_HPO..2Н^О, 
2.2 g KH.PO., 100 mg MgSO-.TH-O and 1 ml of the chloride and 
sulfate solutions described previously (2). Cells were grown 
in 500 ml or 8 1 batch cultures at 37 С with vigorous aera­
tion. The stationary phase of growth was reached at an optical 
density at 600 nm of 0.8, when the organism was grown on allan­
toin medium. Citrate-ammonia medium contained per 1 10 g 
trisodiumcitrate.2H_0 and 2 g (NH.)„SO., instead of allantoin. 
Preparation of cell-free extracts. All steps were perfor­
med at 0-4 C. Cells were harvested by centrifugation, washed 
once with PAM-buffer (40 mM phosphate, pH 7.0, containing 
0.01% sodium azide and l mM Л-mercaptoethanol) and resuspended 
in PAM-buffer. After ultrasonic treatment and centrifugation 
(100,000 χ g for 30 min) a crude extract was obtained. 
Purification of allantoinase. Allantoinase was isolated 
from crude extract of cells grown on allantoin medium and 
harvested in the exponential phase . To the crude extract, 0.1 
volume of a neutralized streptomycin sulfate solution 
(10% w/v) was added. After stirring for 30 min, the precipi­
tate was removed by centrifugation and the supernant was frac­
tionated further with a saturated (NH.)„SO. solution. The 
precipitate obtained between 35 and 50% saturation (22 C) was 
collected by centrifugation, dissolved in PAM-buffer and dia-
lyzed 3 times against 20 volumes of this buffer. The dialyzed 
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material was loaded on a Sephadex G-200 column (100 χ 5 cm) 
previously equilibrated with PAM-buffer. The protein was elu-
ted with PAM-buffer and the fractions with the highest activi­
ty were pooled . This pool was loaded on a DEAE-cellulose 
column (Whatman DE-52, 20 χ 1.8 cm) equilibrated with PAM-
buffer. Protein was eluted with a 1200 ml linear gradient of 
0-0.6 M NaCl in PAM-buffer. Activity was found in fractions 
containing 0.15-0.3.M NaCl, which were pooled and dialyzed 
against 4 mM phosphate, pH 7.0, containing 1 mM /3-mercapto-
ethanol. The dialyzed enzyme preparation was purified further 
on a Biogel-HTP hydroxyl-apatite column (10 χ 1.8 cm) equili­
brated with 4 mM phosphate, pH 7.0, containing 1 mM /3-mercap-
toethanol. Allantoinase was eluted with a 300 ml linear 
gradient of phosphate buffer (4-300 mM, pH7.0) containing 
1 mM /J-mercaptoethanol and the fractions with the highest 
activity were pooled. After concentration to 1 mg/ml protein 
by vacuum dialysis, solid (NH.)?SO. was added to the allanto­
inase solution to 75% saturation and the precipitate was 
collected by centrifugation. The allantoinase was dissolved 
in PAM-buffer, dialyzed against this buffer and stored at 4 C. 
Molecular weight determinations. The molecular weight of 
purified allantoinase was determined by gelfiltration on a 
Sephadex G-200 column (100 χ 2.4 cm) according to Andrews (7), 
using PAM-buffer for equilibration and elution. Markers used 
were bovine serum albumin (68,000), alcohol dehydrogenase 
(150,000), catalase (240,000) and ferritin (450,000). As an 
alternative, electrophoresis on 7.5 and 10% Polyacrylamide 
gels was used (8) with the markers bovine serum albumin, uri-
case (100,000), alcohol dehydrogenase and Phosphorylase A 
(370,000). The molecular weight of allantoinase subunits was 
estimated by Polyacrylamide gelelectrophoresis (13% gels) 
in the preáence of sodium dodecyl sulfate as described by 
Weber and Osborn (9). The markers were lysozyme (14,300), 
trypsin inhibitor (21,500), aldolase (40,000), glutamate 
dehydrogenase (56,000) and bovine serum albumin (68,000). 
Isoelectric point determination. An LKB model 8100 iso-
electric focusing apparatus was used for the determination of 
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the isoelectric point of allantoinase. The 110 ml column was 
loaded with 2 mg purified allantoinase and 1% carrier ampho-
lines (pH 3.5-10). After focusing, 2 ml fractions were collec­
ted and the allantoinase activity was measured. 
Immunological techniques. Antibodies against allantoinase 
were raised in two 2.5 kg New Zealand rabbits. The first injec­
tion contained 300 yug purified allantoinase in Freund complete 
adjuvant and four subsequent injections contained each 150 y^ g 
allantoinase in Freund incomplete adjuvant. The injections 
were given subcutaneously at one week intervals. One week af­
ter the last injection the animals were bled and serum was 
prepared. 
The specifity of the serum could be increased by treat­
ment with extract from non-induced cells. The crude serum was 
mixed with an equal volume of extract (10 mg/ml protein) from 
cells grown on citrate-ammonia medium, and after 15 min at 
20 С the precipitate was removed by centrifugation. The resul­
ting purified serum was specific for allantoinase and used in 
all subsequent experiments. 
Immunodiffusion was carried out according to Ouchterlony 
(10). Immunoelectrophoresis (11) was performed on agarose gels 
using a veronal buffer system (pH 8.6). After electrophoresis 
(1 h at 3 mA) and development with serum, the plates were 
washed and stained with Amido black. Rocket Immunoelectropho­
resis was carried out on agarose gels according to Laurell 
(12). Antigen levels were calculated from the rocket heihts 
obtained. There was a linear relationship between rocket height 
and the amount of purified allantoinase applied up to 0.1^ug 
of protein. 
Immunotitration of allantoinase activity in crude extract 
was performed as described by Maurizi et al. (4). Removal 
of the antibody-allantoinase complex by centrifugation prior 
to activity determinations was necessary because the complex 
retained enzymatic activity. 
Allantoinase determination. Allantoinase activities were 
determined by following the production of allantoate from al-
lantoin in an incubation mixture consisting of 1 ml 50 mM 
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allantoin in 150 mM triethanolamine.HCl buffer, pH 8.4, and 
0.2 ml enzyme. The allantoate formation was measured with the 
differential glyoxylate method ( 13). One unit of activity is 
defined as the amount of enzyme that produces 1^цтоі of pro­
duct per min under the incubation conditions used. 
Protein was determined according to Lowry et al. (14), 
using bovine serum albumin as the standard. 
Materials. The molecular weight standards were obtained 
from Boehringer, F.R.G. Chloramphenicol was obtained from Gist-
Brocades, Holland. СССР (carbonylcyanide-m-chlorophenylhydra-
zone) from Sigma, MO,U.S.Α., and p-chloromercuribenzoate from 
Fluka, Switzerland. N-ethyl-maleimide was supplied by Koch-
Light, DTNB (2,2,-dinitro-5,5,-dithiobenzoic acid) and all 
other chemicals were from Merck, F.R.G. 
Allantoinase r/ml culture) 
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Fig. 1. Allantoinase inactivation and the effect of chloram­
phenicol. Cells were grown on allantoin medium and the opti­
cal density (x) and allantoinase activity of crude extracts 
were measured. At the time indicated by the arrow, the effect 
of different additions on the allantoinase activity was 
followed. ·, Control, no addition; o, 1% allantoin added; 
A, 1% allantoin and 200 μg/ml chloramphenicol added. 
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Results 
Allantoinase inactivation in vivo. When Pseudomonas aerugi­
nosa was cultured in a medium containing 1% allantoin as sole 
carbon and nitrogen source, growth continued until a final 
optical density of 0.8 at 600 nm was reached. During the sub­
sequent stationary phase, allantoinase was subject to rapid 
inactivation and the enzyme activity dropped to about 10% of 
the original value within 6 h (Fig 1), (2). 
The addition of allantoin to cells containing inactivated 
allantoinase caused a rapid increase in cellular levels of 
allantoinase (Fig. 1). This reappearance was completely blocked 
by the simultaneous addition of the protein synthesis inhibitor 
chloramphenicol. Apparently, the increase of allantoinase acti­
vity was dependent on de novo protein synthesis a$d reactiva­
tion of inactivated enzyme did not occur. 
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Table 1. Purification of allantoinase from P. aeruginosa. 
Allantoinase was purified from cells from an exponential 
culture in allantoin medium as described under Materials 
and Methods. 
Purification 
step 
Crude 
extract 
Streptomycin 
supernatant 
Ammonium sulfate 
precipitation 
Gelfiltration 
DEAE-cellulose 
chromatography 
Hydroxylapatite 
chromatography 
Ammonium sulfate 
precipi tat ion 
Volume 
(ml) 
276 
300 
78 
310 
90 
25 
4 
Protein 
(mg) 
2970 
2940 
680 
140 
33 
9.2 
3.6 
Activity 
(0) 
12100 
12000 
11100 
10500 
9360 
5900 
3560 
Yield 
(%) 
100 
99 
92 
87 
77 
49 
29 
Sp eci f ic 
activity 
(U/m g prot.) 
4.1 
4.1 
16 
75 
284 
641 
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In order to test the energy requirement of allantoinase 
inactivation, the effect of uncouplers of oxidative phospho­
rylation was measured. Both 2,4-dinitrophenol and carbonyl-
cyanide-m-chlorophenylhydrazone (СССР) blocked allantoinase 
inactivation (Fig. 2). 
Purification of allantoinase. For the purification of the 
enzyme cells were grown on allantoin medium and harvested in 
the exponential growth phase. Crude extract was prepared and 
allantoinase was purified as described under Materials and 
Methods. The purification scheme is summarized in Table 1. 
Upon Polyacrylamide gelelectrophoresis, 100 yg of the resul­
ting preparation showed one major band and two very faint addi­
tional protein bands. The major band was identified as allan­
toinase by slicing an unstained gel, followed by measurement 
of allantoinase activity and comparison of mobilities. 
The presence of 1 mM /b-mercaptoethanol or 1 mM EDTA was 
essential during the purification and subsequent storage of the 
enzyme in order to prevent inactivation. The purified allan­
toinase did not show any loss of activity for up to 4 months 
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Table 2. Effect of potential inhibitors on allantoinase acti­
vity. A volume of 0.9 ml allantoinase (0.105 unit) was pre-
incubated for 1 h at 30 С with 0.1 ml of the inhibitor to be 
tested. The remaining allantoinase activity was determined. 
Final concen- Inhibition 
Potential inhibitor tration (mM) (%) 
None - 0 
p-Chloromercuribenzoate 1 100 
N-ethylmaleimide 1 75 
DTNB 1 100 
Hydroxylamine 1 24 
Phenyl methane sulfonyl fluoride 1 4 
HgCl, 5 100 
CuSO 5 100 
EDTA 1 2 
1,10-phenanthroline 1 0 
when stored in PAM-buffer at 4 C. 
Physicochemical characterization. The molecular weight of 
the purified allantoinase was estimated by means of gelfiltra-
tion. By interpolation of the elution volumes obtained with 
known markers, a molecular weight of 140,000-150,000 was cal­
culated for the native enzyme. The same value was found when 
Polyacrylamide gelelectrophoresis on gels with different con­
centration of acrylamide was used. 
For the determination of the subunit molecular weight of 
allantoinase, electrophoresis on sodiumdodecylsulfate Poly­
acrylamide gels was used. Only one band was observed and a 
value of 38,000 was calculated. 
The isoelectric point of allantoinase appaered to be 4.2. 
Catalytic parameters. Optimal activity of the purified 
allantoinase was found at pH 8.4 in both triethanolamine.HCl 
buffer and Tris.HCl buffer. 
The activity-temperature curve showed a steady increase 
from 20 С to 45 С At higher temperatures the activity drop­
ped sharply and allantoinase was rapidly inactivated at 
temperatures above 50 C. 
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Under the standard assay conditions (see Materials and 
Methods) the enzyme followed typical Michaelis-Menten kine­
tics with respect to allantoin concentration. A К value of 
m
 -1 5 mM S(+)-allantoin and a V of 1000 umol/mg protein min 
шах ' 
were found. 
Inhibitors. The effect of a number of potential inhibi­
tors upon allantoinase activity was tested (Table 2). It ap­
peared that compounds that react with sulfhydryl groups, 
such as p-chloromercuribenzoate, N-ethylmaleimide, DTNB and 
heavy metal ions caused strong inhibition. Chelators did not 
influence the activity. Probably, allantoinase contains sulf­
hydryl groups that are essential for the enzymatic activity. 
Preparation and purification of antiserum. Purified allan­
toinase was used for immunization of rabbits and antiserum 
was obtained. The serum was tested for specificity by Ouch-
terlony immunodiffusion. One precipitin band was formed with 
purified allantoinase, but two additional faint bands were 
produced with crude extract from allantoin grown cells. Pre­
immune serum failed to produce a reaction both with purified 
Fig. 3. Ouchteriony immunodiffusion of purified allantoinase 
and crude extracts from allantoin-grown cells. The wells con­
tained: A, antiserum; 1, purified allantoinase; 2, extract 
from exponential cells; 3, extract from cells at the begin­
ning of the stationary phase; 4, extract from cells left in 
the stationary phase for 2 h; 5, extract from cells left in 
the stationary phase for 10 h; 6, control extract from cells 
grown in citrate-ammonia medium. All extracts contained 12 
mg/ml protein and 25 μΐ was applied per well. 
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allantoinase and with crude extract. Antiserum produced two 
bands with extract from non-induced cells, which were grown 
in medium containing citrate plus ammonia. Apparently, the 
serum was contaminated by antibodies that were not directed 
against allantoinase. Therefore, we have treated the serum 
with crude extract containing only a very low allantoinase 
activity, as described under Materials and Methods. Upon im­
munodiffusion, the resulting purified serum did not react with 
extract from non-induced cells and formed only one precipitin 
band with purified allantoinase or crude extract from allan-
toin-grown cells. This antiserum was used in all subsequent 
experiments. 
Immunodiffusion and Immunoelectrophoresis. The fate of the 
allantoinase protein during the course of the inactivation 
process was studied with Ouchterlony immunodiffusion (Fig. 3). 
The antiserum was found to give the strongest reaction crude 
extract from exponentially growing cells. During the statio­
nary phase, in which allantoinase becomes inactivated, the 
amount of immunoprecipitable protein appeared to deminish, 
ШЁШ ШЁІШ ШШЁЁЁШ ШЁЁЁЁШ 
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Fig. 4. Immunoelectrophoresis of crude extracts from allan-
toin-grown cells. The wells contained: 1, extract from expo­
nential cells; 2, extract from cells at the beginning of the 
stationary phase; 3, extract from cells left in the statio­
nary phase for 2 h; 4, extract from cells left in the statio­
nary phase for 10 h. The protein concentrations of the ex­
tracts were 12 mg/ml and 6 ^ i 1 was applied per well. 
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because fainter bands were formed. Allantoinase was hardly de­
tectable by immunodiffusion in extracts from cells that were 
left in the stationary phase for 10 h. Apparently, allantoina­
se becomes immunologically undetectable during the course of 
inactivation. The immunodiffusion experiments further sugges­
ted that the allantoinase protein from stationary cells is im­
munologically identical to allantoinase from exponential cells. 
The relationship between allantoinases from different 
growth phases was further studied with immunoelectrophoresis. 
This technique should allow the detection of important struc­
tural changes in the allantoinase molecule that are not ac­
companied with a loss of immunological reactivity. No immu­
nologically detectable proteins with an electrophoretic 
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Table 3. Quantitation of cross-reacting material during allan-
toinase inactivation by rocket immunoelectrophoresis. Crude 
extracts were prepared from an exponential and from stationary 
cultures of P. aeruginosa in allantoin medium. Samples of 6 μΐ 
were subjected to Laurell rocket Immunoelectrophoresis. The 
amounts of allantoinase applied on the gel were calculated from 
the activities of the samples. Rocket heights were used to ob­
tain a value for the amount of immunologically detectable anti­
gen. A rocket height of 32 mm was obtained after electrophore­
sis of 0.0Θ /ig or 7.9 mil purified allantoinase. 
Growth phase 
Exponential 
Stationary for 
Stationary for 
Stationary for 
Stationary for 
Stationary for 
0. 
2 
5 
10 
15 
5 h 
h 
h 
h 
h 
Specific 
allantoinase 
activity 
(U/mg protein) 
4.2 
3.7 
2.4 
1.3 
0.6 
0.4 
Allantoinase 
applied 
<Fg) 
0.10 
0.09 
0.06 
0.03 
0.015 
0.01 
Rocket 
height 
(mm) 
40 
35 
22 
12 
5 
3 
All antoinase 
detected 
04) 
0.10 
0.09 
0.055 
0.030 
0.013 
0.008 
mobility different from allantoinase were found during the 
course of inactivation (Fig. 4). 
Quantitation of immunoreactive material. The amount of 
allantoinase protein present during inactivation was related 
to the amount of active allantoinase by determination of the 
amount of antibody required for the inhibition of allantoi­
nase activity in different extracts. It appeared that no en-
zymatically inactive material cross-reacting with the anti­
serum was present in extracts from stationary cells. The 
amount of activity inhibited per jul of antibody was the same 
for extracts prepared from exponentially growing cells and 
for extracts that were left in the stationary phase for dif­
ferent periods of time (Fig. 5). 
The amount of immunoreactive protein present during al­
lantoinase inactivation was also quantitated by rocket Immu­
noelectrophoresis. Essentially the same result was obtained. 
The amount of immunoprecipitated protein, as calculated from 
rocket heights, showed a decrease during the stationary phase 
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that was parallel with the decrease of allantoinase activity 
(Table 3). 
.Discussion 
Allantoinase from Pseudomonas aeruginosa is subject to 
rapid inactivation when cellular growth is stopped as a result 
of exhaustion of the carbon source in the medium (2). This 
process seems to be irreversible since the increase of allan­
toinase activity observed on addition of allantoin to statio­
nary cells, is dependent on de novo protein synthesis. The 
protein synthesis inhibitor chloramphenicol blocked the re-
appaerance of allantoinase activity. 
Although allantoinase inactivation occurs when the cells 
are depleted from a carbon source (2), it was found to be an 
energy-dependent process. The inactivation was stopped when 
inhibitors of oxidative phosphorylation, such as 2,4-dinitro-
phenol or СССР, were added. This is probably related to the 
requirement for protein synthesis shown by the inactivation 
(2) . 
Allantoinase was purified from exponential cells, growing 
on allantoin medium. The results of molecular weight determi­
nations suggested that the enzyme is composed of four identi­
cal subunits of molecular weight 38,000. The inactivation of 
the purified allantoinase by compounds reacting with sulfhydryl 
groups shows that these groups play a role in the catalytic 
activity of the enzyme. 
The inactivation of allantoinase in stationary cells was 
accompanied by a parallel decrease in the amount of material 
cross-reacting with antibodies against allantoinase. This 
could be shown with quantitative Laurell rocket immunoelec-
trophoresis. Also from immunotitration experiments it appeared 
that during the course of inactivation there is no accumulation 
of inactive enzyme that reacted with the serum. Finally, with 
immunoelectrophoresis we could not detect a change in electro-
phoretic mobility of immunologically detectable allantoinase 
during inactivation. 
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A parallel decrease in cross-reacting material during 
the inactivation of microbial enzymes is generally believed to 
point to a proteolytic mechanism. The catabolite inactivation 
of gluconeogenic enzymes of Saccharomyces cerevisiae was shown 
to be accompanied by a loss of material immunochemically re-
lated to the enzymes (6,15,16), and the same was found for the 
inactivation of the NAD- and NADP-dependent glutamate dehydro-
genases (5,17). Definite proof for proteolysis would be ob-
tained by the elucidation of the mechanism and by isolation 
of protease mutants with altered inactivation. However, this 
has not yet been achieved and some mutants of s. cerevisiae 
with a defect in protease production appear to show normal in-
activation of the NADP-dependent glutamate dehydrogenase (18) 
and gluconeogenic enzymes (15, 19). Also the inactivation of 
aspartate transcarbamylase in stationary Bacillus subtilis 
cells is accompanied by a disappearance of cross-reacting mate-
rial, but is not caused by a known protease (4). 
Our results suggest that allantoinase inactivation is cau-
sed or followed by rapid proteolysis of the enzyme, although 
it cannot be excluded that chemical modification of the enzyme 
alters the immunological properties. A proteolytic cleavage of 
the enzyme is consistent with the observed irreversibility. 
Allantoinase activity could not be detected in the growth me-
dium of stationary cultures, which argues against excretion 
of the enzyme from the cells. 
Allantoinase inactivation occurs in stationary cells under 
carbon-starvation conditions (2), and also during nitrogen-
starvation (Janssen et al., unpublished results). The inacti-
vation was found to be dependent on energy and protein synthe-
sis, since the addition of uncouplers or chloramphenicol caused 
rapid cessation of the decrease in allantoinase activity (2). 
If the observed loss of cross-reacting material is caused by 
protease production, this points to a proteolytic enzyme with 
a high turnover rate. On the other hand, if protein modifica-
tion is the cause of inactivation, our data are consistent with 
a labile protein being involved in this modification. 
Reconstruction of the inactivation in vitro and the 
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i s o l a t i o n and a n a l y s i s of m u t a n t s a l t e r e d i n a l l a n t o i n a s e 
i n a c t i v a t i o n w i l l be n e c e s s a r y f o r a b e t t e r u n d e r s t a n d i n g 
of t h i s p r o c e s s . 
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C H A P T E R I X 
SUMMARY/SAMENVATTING 

SUMMARY 
This thesis describes the regulation of enzymes involved 
in nitrogen assimilation in Pseudomonas aeruginosa. Chapter I 
gives an introductory review of the process of ammonia assimi-
lation in bacteria and summarizes some information about the 
regulation of enzyme formation by nitrogeneous compounds. 
In Chapter II the results of an investigation of the pro-
cess of ammonia assimilation in P. aeruginosa are presented. 
The enzymes of the two routes for glutamate formation are pre-
sent and some properties of these enzymes are described. From 
chemostat experiments, it is concluded that the formations of 
glutamine synthetase, NADP-dependent glutamate dehydrogenase 
and urease are regulated by the availability of nitrogen. 
Ammonia limitation leads to derepression of glutamine synthe-
tase and urease and to repression of NADP-dependent glutamate 
dehydrogenase. Glutamine synthetase is further regulated after 
synthesis by reversible adenylylation, which lowers the bio-
synthetic activity of the enzyme. With respect to ammonia as-
similation, P. aeruginosa bears similarities to other gram-
negative organisms such as enteric bacteria, Rhizobium species 
and photosynthetic non-cyanobacteria. These organisms also 
have a low and a high ammonia pathway and show adenylylation 
of glutamine synthetase, in contrast to most gram-positive 
bacteria and cyanobacteria. 
Chapter III provides evidence for a role of glutamine in 
the coordinated repression and derepression of enzyme synthe-
sis in response to the availibility of nitrogen. This conclu-
sion is based upon the properties of glutamine synthetase-
negative mutants that show derepressed formation of histidase 
and urease and repression of NADP-dependent glutamate dehydo-
genase as long as growth is limited by glutamine. Therefore 
glutamine or some compound derived from it appaers to be meta-
bolite that transfers the signal "nitrogen excess" to the gene 
transcription controlling mechanism. In fact, the derepressed 
synthesis of inactive glutamine synthetase and histidase in 
some glnA mutants of Klebsiella aerogenes that was attributed 
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to a regulatory function of glutamine synthetase, may well 
be caused by glutamine limitation, just as in P. aeruginosa 
glutamine auxotrophs. 
Chapter IV describes the isolation and properties of 
mutants with a defect in nitrogen control. Such strains could 
be isolated on the basis of poor utilization of nitrate and 
methionine as nitrogen source. The mutation responsible also 
causes strongly reduced derepression of glutamine synthetase 
and urease, together with poor repression of NADP-dependent 
glutamate dehydrogenase during nitrogen limitation. It is 
proposed that the mutation responsible is in a gene encoding 
a protein with a regulatory function in the expression of 
genes for proteins involved in nitrogen assimilation. The 
mutation appears to be located close before hisiv at 14 min on 
the chromosomal map. Revertants of a regulatory mutant arose 
spontaneously by suppression at another chromosomal site. In 
these revertants glutamine synthetase and urease are present 
at high levels, even during growth in media containing excess 
ammonia. Glutamine synthetase is always highly adenylylated, 
even during nitrogen limitation, which suggests that the sup-
pression mutation somehow affects the adenylylation system 
of the enzyme. The mutation is mapped close to the structu-
ral gene for glutamine synthetase at 15 min, and could be in 
a regulatory gene involved in nitrogen control, like glnG or 
glnL, described in Escherichia coli. On the other hand, we 
observed that glutamine still represses urease synthesis in 
the revertant and this suggests that glutamine synthetase is 
somehow affected by the suppression mutation. 
In Chapter VI a number of properties of glutamine syn-
thetase-negative mutants is presented. The 6 strains that 
were isolated all contain inactive glutamine synthetase pro-
tein, as could be demonstrated with antibodies against gluta-
mine synthetase. The mutations conferring glutamine auxo-
trophy are closely linked, as shown by transduction. Together 
with the isolation of a revertant containing thermolabile 
glutamine synthetase, these results provide strong evidence 
for a localization of the mutations causing glutamine 
102 
auxotrophy in the structural gene for glutamine synthetase. 
This gene, glnA, is located close to hisil at 15 min on the 
chromosomal map. In most glutamine synthetase-negative mu-
tants, the derepression of urease, histidase and the inac-
tive glutamine synthetase protein does not persist during 
growth with high amounts of glutamine in the growth medium. 
This is caused by reduced conversion of glutamine in these 
strains, which is the result of a second mutation, not linked 
to glnA, and which reduces glutamine conversion by affecting 
glutaminase activity. 
In Chapter V and VII, evidence is presented for nitrogen 
control of the synthesis of amidase and allantoin-degrading 
enzymes, respectively. Amidase formation was believed not to 
be regulated by the availibity of ammonia. The operation of 
a nitrogen control system was most evident from the properties 
of glutamine synthetase-negative strains, that show strong 
derepression of the enzymes under glutamine limitation in the 
presence of inducer. Nitrogen control may remain undetected 
in tests for increased formation of an enzyme in the wild-
type strain upon omission of ammonia from the growth medium 
and in the presence of a good carbon source. Catabolite re-
pression is often too low to cause severe nitrogen limitation 
and a strong elevation of the synthesis of enzymes involved 
in nitrogen assimilation. 
Finally, Chapter VIII describes some properties of allan-
toinase and gives an immunological characterization of its 
inactivation in vivo. This post-synthetical regulation of 
enzyme activity by inactivation is irreversible and occurs 
in non-growing cells. Inactivation is accompanied by a de-
crease in immunologically detectable allantoinase protein, 
which is generally thought to point to proteolysis. 
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SAMENVATTING 
Dit proefschrift beschrijft de regulatie van de synthese 
van enzymen die betrokken zijn bij de assimilatie van stik-
stof in Pseudomonas aeruginosa. Hoofdstuk I is een inleiding 
in het proces van de ammoniumassimilatie en geeft enige 
informatie over de regulatie van enzymsynthese door stikstof-
houdende verbindingen. 
In Hoofdstuk II worden de resultaten beschreven van een 
onderzoek naar de ammoniumassimilatie in P. aeruginosa. De 
enzymen behorende bij de beide routes voor de synthese van 
glutamaat blijken aanwezig te zijn en een aantal eigenschap-
pen van deze enzymen wordt beschreven. Uit de resultaten van 
experimenten met chemostaatcultures wordt de conclusie ge-
trokken dat de synthese van glutamine synthetase, NADP-
afhankelijk glutamaat dehydrogenase en urease gereguleerd 
wordt door de mate waarin stikstof voor de cellen beschik-
baar is. Limitatie door ammonium veroorzaakt derepressie 
van glutamine synthetase en urease, en repressie van NADP-
afhankelijk glutamaat dehydrogenase. Glutamine synthetase 
wordt na de synthese gereguleerd door reversibele adenyly-
lering, die een verlaging van de biosynthetische aktiviteit 
van het enzym veroorzaakt. Wat betreft de ammoniumassimilatie 
lijkt P. aeruginosa op andere gram-negatieve organismen, zo-
als enterobacteriën, Rhizobium soorten en fotosynthetiserende 
niet-cyanobacteriën. Deze organismen beschikken eveneens 
over twee routes voor de synthese van glutamaat en vertonen 
adenylylering van glutamine synthetase. Dit in tegenstel-
ling tot de meeste gram-positieve bacteriën en cyanobac-
teriën. 
In Hoofdstuk III worden bewijzen aangevoerd voor een rol 
van glutamine bij de gecoördineerde repressie en derepres-
sie van enzymsynthese door de beschikbaarheid van stikstof. 
Deze conclusie is gebaseerd op de eigenschappen van gluta-
mine synthetase-negatieve mutanten. Bij de onderzochte stam-
men is de vorming van histidase en urease gederepresseerd 
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en NADP-afhankelijk glutamaat dehydrogenase gerepresseerd, 
zolang de groei beperkt wordt door glutamine. Dus is gluta-
mine, of een ervan afgeleide verbinding, de metaboliet die 
het signaal "overmaat stikstof" doorgeeft naar een mecha-
nisme dat de transcriptie van genen controleert. Het is mo-
gelijk dat de in de literatuur beschreven gederepresseerde 
synthese van histidase en andere enzymen in sommige glnA 
mutanten van Klebsiella aerogenes eveneens wordt veroorzaakt 
door glutamine limitatie. 
Hoofdstuk IV beschrijft de isolatie en eigenschappen van 
mutanten met een defect in de stikstofregulatie. De isolatie 
vond plaats op basis van slechte groei met nitraat en me-
thionine als stikstofbron. De mutatie die hiervoor verant-
woordelijk is veroorzaakt tevens een sterk verlaagde dere-
pressie van glutamine synthetase en urease en een vermin-
derde repressie van NADP-afhankelijk glutamaat dehydrogenase 
tijdens limitatie van de groei door stikstof. Dit leidt tot 
de conclusie dat er sprake is van een mutatie in een gen 
dat kodeert voor een eiwit met een regulerende funktie bij 
de expressie van genen voor eiwitten die betrokken zijn 
bij de stikstofassimilatie. De mutatie is dicht voor hisiv 
gelegen, op 14 min van de genetische kaart. Revertanten van 
een regulator mutant traden op door supressie op een andere 
plaats op het chromosoom. Deze revertanten hebben altijd hoge 
glutamine synthetase en urease niveaus, zelfs tijdens groei 
met een overmaat ammonium. Daarenboven is glutamine synthetase 
altijd sterk geadenylyleerd, ook bij stikstof limitatie, het-
geen aangeeft dat de suppressor mutatie het adenylylerings 
systeem beïnvloedt. De suppressor mutatie is dicht bij het 
structurele gen voor glutamine synthetase gelokaliseerd, 
op 15 min van de genetische kaart, mogelijk in een regulator 
gen vergelijkbaar met glnG of glnL in Escherichia coli. Het 
feit echter dat glutamine in de supressor stammen wel repres-
sie geeft van de synthese van urease, suggereert dat gluta-
mine synthetase door de reversie veranderd is. 
In Hoofdstuk VI wordt een aantal eigenschappen van glu-
tamine synthetase negatieve stammen beschreven. De zes 
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geïsoleerde stammen bevatten een inaktief glutamine synthe-
tase eiwit, hetgeen kon worden aangetoond met behulp van anti-
lichamen tegen gezuiverd glutamine synthetase. Uit transduc-
tie experimenten bleek dat de mutaties die glutamine auxo-
trofie veroorzaken dicht bij elkaar op het genoom liggen. In 
combinatie met het feit dat een revertant met thermolabiel 
glutamine synthetase geïsoleerd werd, maken deze resultaten 
het zeer waarschijnlijk dat de mutaties in het structurele 
gen voor glutamine synthetase zijn gelokaliseerd. Dit gen, 
glnA, is op de genetische kaart op 15 min gelegen, dicht voor 
hisil. In het merendeel van de glutamine synthetase nega-
tieve mutanten handhaaft de derepressie van urease, histidase 
en het inaktieve glutamine synthetase eiwit zich niet tijdens 
groei met overmaat glutamine in het medium. Dit is het gevolg 
van een verminderde afbraak van glutamine in deze stammen. 
Een tweede mutatie, niet gekoppeld met glnA, verlaagt de glu-
taminase aktiviteit en daarmee de glutamine omzetting. Een 
glutamine auxotrofe mutant die deze tweede mutatie mist, ver-
toont een snelle afbraak van glutamine en geen repressie van 
de vorming van urease, histidase en een aantal andere enzy-
men, wanneer glutamine in overmaat in het medium aanwezig is. 
In de Hoofdstukken V en VII wordt de stikstofregulatie 
van de synthese van amidase en van de enzymen van de allan-
toine afbraak beschreven. Voor de regulatie van amidase werd 
vroeger aangenomen dat stikstofregulatie geen rol speelt. 
Het optreden van stikstofregulatie bleek duidelijk uit de 
eigenschappen van glutamine synthetase negatieve mutanten, 
die onder glutamine limitatie en in aanwezigheid van induc-
tor sterke derepressie van genoemde enzymen vertonen. Stikstof-
regulatie kan onopgemerkt blijven wanneer alleen bepaald wordt 
of er sprake is van een verhoging van enzymsynthese in de wild 
type stam wanneer in aanwezigheid van inductor en een goede 
koolstofbron ammonium wordt weggelaten uit het medium. De 
kataboliet repressie is vaak te gering om sterke stikstof li-
mitatie en een aanzienlijke verhoging van enzymsynthese te 
veroorzaken. 
Hoofdstuk VIII tenslotte beschrijft enige eigenschappen 
106 
van het enzym allantoinase en een immunologisch onderzoek naar 
de in vivo inaktivering, die optreedt in niet-groeiende cellen. 
De post-synthetische regulatie bleek irreversibel te zijn. De 
inaktivering gaat gepaard met een evenredige verlaging van de 
hoeveelheid immunologisch detecteerbaar allantoinase eiwit, 
hetgeen een aanwijzing zou kunnen zijn voor het optreden van 
Proteolyse. 
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